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Abstract

Nickel-base superalloys have been used in cast and wrought, and powder metallurgy forms for
nearly four decades for industrial and automotive applications. One drawback of cast alloys is that upon
solidification, there is minimal microstructural control. Another issue to be improved is to eliminate the
limitations of shapes and forms of fabricated alloys.

Rapid prototyping is a new technology of additive manufacturing that shows to be promising for
the freeform fabrication of novel superalloys, including nickel-base alloys. New rapid manufacturing
technologies allow us to produce parts in any shape that can be designed by computer-aided design
(CAD) software. Additionally, the microstructure can be controlled by adjusting build parameters during
fabrication.

Components made from Inconel 718 pre-alloyed powder have been fabricated by selective laser
melting in two different orientations. These components, built in the transverse and longitudinal
directions, parallel and perpendicular to the build direction, respectively, have been compared. Inconel
625 and has been fabricated by electron beam and selective laser melting. The two processes have been
compared to each other as well as to their respective cast and wrought alloys. Microstructural
characterization has been conducted using optical metallography, X-ray diffraction, scanning electron
microscopy, and transmission electron microscopy. Mechanical properties have been analyzed by

Vickers microhardness, macrohardness, and tensile testing.

Vi



Table of Contents

DIEAICALION ...ttt ettt e a b bt et s et e s bt et e h e bt e a b e e h e e bt e n b e ehe e bt et e sht e bt e st e eneentes il
ACKNOWIEAZEIMENLS. .....ceeiiiiiiie ettt e et e et eeesteeesaeeesseeessseeassaeesssaeesssaeessseeessseeensseeensseeans v
AADSTIACE ...ttt b ettt h et e a e h bt e a e e bt et e e a b sh e e bt e at e e bt e bttt ea s e bt et eatenbeenee vi
TaADLE OF CONTENLS........eiitiiiie ettt ettt b e et e bt e st e e bt e e st e e saeeeabeesaeeenbeesaeeenbeesaeeans vii
LISt OF TADIES ..ttt ettt e a e e bt ettt s ae et ea e eb e et et bt e aeenees ix
LIST Of FIUI@S ..enitiieiiie ettt ettt e e e e et e e sttt e e tt e e e sbeeesssaeasssaeasssaeassaaeassseesssaeessseeensseeensseesnsseenns X
Chapter 1: INtrOUCTION .......coiiiiiiecie ettt ettt ettt e et e e bt e st e esbeessaeesseeesseenseesaseenseesssennsaens 1
1.1 Properties and Applications of InCONel 718.......ccoiiiiiiieiiiieieceeee e 1
1.2 Properties and Applications of Inconel 625............cocovveiiiiiieiiiiiieiece e 2
1.3 Background of Additive Manufacturing...........c.coceeriieiiiiniieiienie et 3
Chapter 2: ReSEArCh ODJECIVES .....cuviiiiiieiieiieeieeite ettt ettt et eetae et e saeebeessaeesseessseenseensseenseesssessaens 5
Chapter 3: Build Direction and Environment Comparison of Inconel 718 ...........ccooiiiiiiiiiniiiiiinieees 6
3.1  Experimental Methods........cccoviiiiiiiiiiiieie ettt et teesaaeebeesnseensaens 7
3.2 ReSults and DISCUSSION ...ccueiiiiiiiiiiiieeiie ettt ettt ettt et e st e et e st e et e seteebeeeaeeenbeesnees 10
R T8 B 1110101 F: 1 oy TR 34
Chapter 4: Inconel 625 Fabricated by Selective Laser and Electron Beam Melting.........c.cccoceeeevuennenne. 37
4.1 Fabrication Process Comparison: EBM vs. SLM ........cccooiiiiiiiiiiiiiiiieceieeceeeee e 37
4.2 Experimental MethOdS. ......c.c.coiiiiiiiiiiiiiiiicee ettt 40
4.3 Results and DISCUSSION .....cc..eiiuiiiiiiiiiiiiieie ettt sttt et et e bbb esaeeereens 40
4.4 SUINIMATY c..oeiiiiiiiieiteete ettt ettt ettt et e e e et e st e bt e e et e e bt e sate e bt e eaneenbeesaneenaeesaneensnesaneens 78
CRaPLEr 5: DISCUSSION ....uiieiiiieciiieciteeeiteeecitee ettt e et e e st e e s beeesteeesataeesseeenssaeenssaeassseeasssesanseeessseesnsseesnnseesns 80
5.1 Fabrication ParamEtersS. ........ccouerieriiriirienteeieriteste ettt sttt ettt sae e e st sbe e b et e saeebeeane e 80
RIVARED € 26N A D Ui i v 1ot 8 (o) o DS 80
5.3 Scanning and Transmission Electron MiCTOSCOPY .....ccccvirruieriieriieniieiieniieiee e esiee e eiee e 81
5.4 Mechanical BEhavior..........cooiiiiiiiiiiii e 81

vii



Chapter 6: CONCIUSION ....eoiuiiiiieiieetieeie ettt ettt et e ettt e ette e teeesbeesseeesbeesseeesseenseesseessseanseessseenseennseenne

RETEIEIICES. ..ot e e e et e e e e e e e e e e e e e e e e e e e e e e e aaeeeeeeeaaa e aaeeeeeeeennnaas

viil



List of Tables

Table 3.1 Mechanical properties for Inconel 718 cylindrical components fabricated by selective laser
melting (SLM) 1N argon OF NIITOZEIL. ...ccvueeeurreeiieeeieeesteeesteeesseeessseeassseesssseesssseesseeessseeesssesessseesssseessssees 36

Table 4.1. Chemical Composition for Alloy 625 EBM and SLM Precursor Powders and Fabricated

COMMPONEIES ...eeuieeeiiiieeiiieeetee ettt e ette et ee ettt estteesatteesataeesateeesaseeesaseeensseeenssaeenssaesnsseesnsseesnseeensseesnnseesnnseenns 39
Table 4.2. Mechanical Properties for EBM and SLM Processed Alloy 625 ..........ocvvieniiieniencnieneenne. 74
Table 4.3. Comparative Precipitation for EBM and SLM Processed Alloy 625........ccccooevvevieniniennenne. 77

1X


file:///G:/Dissertation_1_22.doc%23_Toc346625372
file:///G:/Dissertation_1_22.doc%23_Toc346625372
file:///G:/Dissertation_1_22.doc%23_Toc346625373
file:///G:/Dissertation_1_22.doc%23_Toc346625373
file:///G:/Dissertation_1_22.doc%23_Toc346625374
file:///G:/Dissertation_1_22.doc%23_Toc346625375

List of Figures

Figure 3.1. SEM views of the prealloyed (Inconel 718) precursor powder. (a) Lower magnification
showing the range of powder sizes and spherical morphology. (b) OM image for powder particle etched
cross-section showing interior microdendritic MICTOSTIUCLUIE. .....cc.eeevieriieriieiiierieeiieeieeiee e eieeereeieens 6

Figure 3.2. SLM system schematic: Electron gun (1), rotating mirror lens system (2), beam focus lens
(3), powder roller (4), build platform (5), powder feed (6), powder recycle container (7). .........cceeeuveennee. 7

Figure 3.3. SLM as-fabricated cylinders built in (a) z-axis and (b) x-y axis orientations...............c.c......... 8

Figure 3.4. (a) Melt pool overlap and layer development observed in the vertical reference plane
(parallel to the build direction shown by the arrow) for an x-axis oriented, as-fabricated cylinder (in
argon). (b) Magnified view showing columnar grain structure (G) and fine columnar special features
(shown by arrow). B indicates the build dir€Ction............cccueeeiiiiiieiiienieeiiee e 11

Figure 3.5. 3D optical metallograph (OM image) composite showing the details of columnar grains and
fine arrays relative to the build direction shown by arrow (top left) for an as-fabricated (x-axis) cylinder
T11 ATZOM ZAS. .eutteutetieteeite et e et et e et e bt et e et e et e e st e ette bt ea b e es e e ebeenteeaeeebeea bt e ateeheen bt eateeh e et e en b e eht e bt enteenee bt enteeneentes 12

Figure 3.6. XRD spectra for (a) precursor Inconel 718 powder, (b) EBM as-fabricated (z-axis) cylinder
in argon for the horizontal reference plane, (c) vertical reference plane. ...........cccoeceeviieniiiiienieiiiene 13

Figure 3.7. Schematic views illustrating the directional solidification-induced columnar grains and y”
precipitate arrays as well as the melt-pool/layer structure development in SLM. The coincident plane
variants for (100) [200] are shown at [002], [200] and [020].......cccvueeerieeeiiieeie e e e 14

Figure 3.8. OM 3D composite view for a cylindrical component (x-axis) fabricated in argon and HIPed
in argon. Build direction is noted by the arrow (bottom right)..........ccceeriiieiiiiieiiiieee e 16

Figure 3.10. Vertical reference section (OM) views showing partial recrystallization for x-axis fabricated
cylinder in nitrogen and HIPed in argon. Arrow in (a) shows the build direction. (b) shows a magnified
AT Tk o) B 1) TSR 18

Figure 3.11. OM 3D composite view for a cylindrical component (x-axis) fabricated in nitrogen and
HIPed in argon. Build direction is noted by the arrow (bottom right). .......ccccoceeviiiiniiiniiiiniceee, 19

Figure 3.12. TEM-3D image composite view for an as-fabricated (in argon) z-axis cylinder HIPed in
argon. The SAED pattern insert corresponds to a y[001] zone in the vertical reference plane as shown.
The arrow to the right indicates the build dir€ction............ccoeeciieiiiiiiiiiiici e 21

Figure 3.13. XRD spectra representing as-fabricated and HIPed (in argon) z-axis oriented specimen. (a)
Horizontal reference plane (normal to the build direction). (b) Vertical reference plane (parallel to the
DUILA AITECEION).....uviiieiiiieeiie ettt ettt e et e et e e et e e et e e e taeeeaaeeeasaeesaseeesasseesasaeesnseeessseeensseeensseeennns 22

Figure 3.14. Magnified TEM bright-field image for a vertical reference plane section corresponding to
Fig. 3.12. Lenticular-like/oblate ellipsoidal y” precipitates are coherent with {100} planes in two

X


file:///G:/Dissertation_1_22.doc%23_Toc346625422
file:///G:/Dissertation_1_22.doc%23_Toc346625422
file:///G:/Dissertation_1_22.doc%23_Toc346625422
file:///G:/Dissertation_1_22.doc%23_Toc346625423
file:///G:/Dissertation_1_22.doc%23_Toc346625423
file:///G:/Dissertation_1_22.doc%23_Toc346625424
file:///G:/Dissertation_1_22.doc%23_Toc346625425
file:///G:/Dissertation_1_22.doc%23_Toc346625425
file:///G:/Dissertation_1_22.doc%23_Toc346625425
file:///G:/Dissertation_1_22.doc%23_Toc346625425
file:///G:/Dissertation_1_22.doc%23_Toc346625426
file:///G:/Dissertation_1_22.doc%23_Toc346625426
file:///G:/Dissertation_1_22.doc%23_Toc346625426
file:///G:/Dissertation_1_22.doc%23_Toc346625427
file:///G:/Dissertation_1_22.doc%23_Toc346625427
file:///G:/Dissertation_1_22.doc%23_Toc346625428
file:///G:/Dissertation_1_22.doc%23_Toc346625428
file:///G:/Dissertation_1_22.doc%23_Toc346625428
file:///G:/Dissertation_1_22.doc%23_Toc346625429
file:///G:/Dissertation_1_22.doc%23_Toc346625429
file:///G:/Dissertation_1_22.doc%23_Toc346625430
file:///G:/Dissertation_1_22.doc%23_Toc346625430
file:///G:/Dissertation_1_22.doc%23_Toc346625430
file:///G:/Dissertation_1_22.doc%23_Toc346625431
file:///G:/Dissertation_1_22.doc%23_Toc346625431
file:///G:/Dissertation_1_22.doc%23_Toc346625432
file:///G:/Dissertation_1_22.doc%23_Toc346625432
file:///G:/Dissertation_1_22.doc%23_Toc346625432
file:///G:/Dissertation_1_22.doc%23_Toc346625433
file:///G:/Dissertation_1_22.doc%23_Toc346625433
file:///G:/Dissertation_1_22.doc%23_Toc346625433
file:///G:/Dissertation_1_22.doc%23_Toc346625434
file:///G:/Dissertation_1_22.doc%23_Toc346625434

prominent columns (c) which are parallel to the build direction noted by large arrow. Some precipitates
are coincident with the {010} variant shown. The SAED pattern insert shows a y [001] zone axis. y”

<TU0> and <1 % 0> reflections are noted by spots designated 1 and 2, respectively........ccccoecerriennene 24

Figure 3.15. Horizontal reference plane (OM) view for recrystallized microstructures following as-
fabricated (argon) and annealed treatment (argon) for an x-axis oriented cylinder. ............ccccoevverurennnnne. 26

Figure 3.16. (a) Vertical reference plane (OM) view for recrystallized microstructures corresponding to
Figure 3.15, showing melt pool interaction and layering in remnant columnar microstructure. Arrow
denotes the build direction. (b) Horizontal plane reference (OM image) corresponding to (a) etched to
reveal the recrystallized grain and annealing twin (y) boundaries (AaITOW).........ccceeeevveerceeeecieeeeiee e 27
Figure 3.17. OM 3D composite view for the annealed (4h @1160°C) argon-fabricated, x-axis
cylinder. The recrystallized regions are denoted R. Selective etching reveals homogeneous globular
precipitates. C indicates the original (remnant) columnar microstructural architecture arrays. Arrow at
upper left denotes the build dIir€CHION. .......c.eeiuiieiiiiiiiciieieceee e te e aeebeesaaeenseeas 28

Figure 3.18. XRD spectra representing the as-fabricated and annealed (4h @1160°C) specimens
corresponding to Fig. 3.17. (a) Horizontal reference plane. (b) Vertical reference plane....................... 29

Figure 3.19. TEM observation of dense y” precipitation in recrystallized regions for annealed SLM-
fabricated Inconel 718. The enlarged view shows oblate ellipsoidal y” precipitates coincident with (001)

(or (001)) planes while the lower magnification dark-field image insert shows these precipitates imaged

with the [001] (bct) reflection at small arrow in the SAED pattern insert. The surface orientation is
noted as the [210] fcc zone. A indicates a common reference for the enlarged view and the reduced
magnification, dark-field image insert. Note the magnification bar in the dark-field insert is the same as
shown in the bright-field TMage. .......cooueiiiiiiiiii e 31

Figure 3.20. o precipitate at a grain boundary separating an unrecrystallized grain from a recrystallized
grain. (a) shows recrystallized grain as (R). (b) magnified view of precipitate. (c) tilted view of (b)......32

Figure 4.1 (a) EBM system schematic: Electron gun (1), Beam focus lens (2), Beam scan coils (3),
Powder cassettes (4), Powder layer rake (5), Building component (6), build platform (7). (b), SLM
powder microstructure and low magnification insert. (a) is adapted from Murr et al. (2012a) ............... 38

Figure 4.3. TEM vertical plane section view (parallel to the build direction (B) showing y"’ precipitate
platelets coincident with the NiCr fcc matrix {111} planes. The grain surface orientation is (110). The

build direction marked B is coincident with the arrow in Fig. 4.2. ......cccovivviiiiiiiiieeeee e 42

Figure 4.4. XRD spectra corresponding to the horizontal and vertical reference planes in Figure 4.2
(EBM). ettt et a et e a e ea ettt a et bt 43

Figure 4.5. 3D LOM composite section for an SLM (Z-axis) fabricated component. Note build
direction represented by the arrow is parallel to the Z-axis orientation. ...........cceccveeeevieenciieerieeerivee e 45

xi


file:///G:/Dissertation_1_22.doc%23_Toc346625434
file:///G:/Dissertation_1_22.doc%23_Toc346625434
file:///G:/Dissertation_1_22.doc%23_Toc346625434
file:///G:/Dissertation_1_22.doc%23_Toc346625435
file:///G:/Dissertation_1_22.doc%23_Toc346625435
file:///G:/Dissertation_1_22.doc%23_Toc346625436
file:///G:/Dissertation_1_22.doc%23_Toc346625436
file:///G:/Dissertation_1_22.doc%23_Toc346625436
file:///G:/Dissertation_1_22.doc%23_Toc346625436
file:///G:/Dissertation_1_22.doc%23_Toc346625437
file:///G:/Dissertation_1_22.doc%23_Toc346625437
file:///G:/Dissertation_1_22.doc%23_Toc346625437
file:///G:/Dissertation_1_22.doc%23_Toc346625437
file:///G:/Dissertation_1_22.doc%23_Toc346625438
file:///G:/Dissertation_1_22.doc%23_Toc346625438
file:///G:/Dissertation_1_22.doc%23_Toc346625439
file:///G:/Dissertation_1_22.doc%23_Toc346625439
file:///G:/Dissertation_1_22.doc%23_Toc346625439
file:///G:/Dissertation_1_22.doc%23_Toc346625439
file:///G:/Dissertation_1_22.doc%23_Toc346625439
file:///G:/Dissertation_1_22.doc%23_Toc346625439
file:///G:/Dissertation_1_22.doc%23_Toc346625439
file:///G:/Dissertation_1_22.doc%23_Toc346625440
file:///G:/Dissertation_1_22.doc%23_Toc346625440
file:///G:/Dissertation_1_22.doc%23_Toc346625441
file:///G:/Dissertation_1_22.doc%23_Toc346625441
file:///G:/Dissertation_1_22.doc%23_Toc346625441
file:///G:/Dissertation_1_22.doc%23_Toc346625442
file:///G:/Dissertation_1_22.doc%23_Toc346625442
file:///G:/Dissertation_1_22.doc%23_Toc346625442
file:///G:/Dissertation_1_22.doc%23_Toc346625443
file:///G:/Dissertation_1_22.doc%23_Toc346625443
file:///G:/Dissertation_1_22.doc%23_Toc346625444
file:///G:/Dissertation_1_22.doc%23_Toc346625444

Figure 4.6. XRD spectrum corresponding to the vertical and horizontal reference planes represented in
S T4 3 (IR e TSR 46

Figure 4.7 3D LOM composite section for an SLM (X, Y-axis) fabricated component. Note build
direction represented by the arrow at lower right which is perpendicular to the X, Y-axis, of the
CYlINAIICAl COMPONENL. ....coeviiiiiieeiie et e etee et e e st eeestbeeesaaessaaessseeesssseessseeessseeessseeensseesns 47

Figure 4.8. XRD spectrum corresponding to the vertical and horizontal reference planes represented in
FIGUI 4.7 oottt ettt et e et e e bt e s st e e bt e e sbeeabeeesbeeasee e st e enbeeenbeebee st e enbeeenbeentaennreenne 48

Figure 4.9. TEM bright-field images in the (a) horizontal (H) and (b) vertical (V) reference planes for
Figure 4.7. P in (b) designates a precipitate (y"') cluster. The build direction is denoted by white arrow
(B) at right in (b) SAED pattern inserts show (112) orientation in the horizontal (H) plane (a), and (110)
orientation in the vertical (V) plane (b). Note arrows in (a) show precipitate clusters within dislocation
CEIIEITKE QITAYS. ..vviiieiiieiiiieetie ettt e et e et e e et e e et eesbeeessbeeessaeesssaeesssaeassseeassseessseeessseeessseensseenns 50

Figure 4.10. TEM magnified view in Figure 4.9, P designates precipitate cluster in Figure 4.9. Column
of precipitate clusters and dense dislocations is Shown at right. ...........cccecieriieiiiniiiiniienieeeeee e, 51

Figure 4.11. TEM image showing y"’ precipitation arrays. Reference section of array is enclosed in the
dotted box. The SAED pattern insert shows the (110) grain surface orientation. The operating reflection

for diffraction contrast is Shown to be g = [00Z]........coooiiiieiiieeeeeee e 52

Figure 4.12. Magnified TEM image for Fig. 4.11 showing precipitate clusters within the dotted
reference box. Arrows in (a) show precipitate clusters (aggregates) which exhibit Nb-rich features
shown in the corresponding Nb-X-ray map in (b). (c) shows the TEM-EDS spectrum for (a). .............. 53
Figure 4.13. SLM-laser melt-scan banding. (a) LOM image in vertical reference plane for X,Y-axis
cylindrical component (b) SEM image showing y"" precipitate/second-phase formation within the melt
bands. (c¢) Magnified SEM image showing melt-band precipitates..........ccccevevierieneriienieneniieneenenene 55

Figure 4.14. EBM fabricated and HIP (Z-axis) component 3D LOM composition showing equiaxed, fcc
(NiCr) grain structure and associated PreCIPItatioN. .........ccuveeerieeeriieeeriieerieeereeeeireesrreesaeeesreeesareessnseeens 56

Figure 4.15. XRD spectra corresponding to the horizontal and vertical reference planes in Fig. 4.14.
Prominent precipitation peaks are dark shaded. .............ocoviiiiiiiniiiii e 57

Figure 4.16. TEM bright-field image showing typical intragranular precipitates (NbCr,) corresponding
to Fig. 4.15. Coherent annealing twin is shown in the image center (upper left to lower right). ............. 58

Figure 4.17. Analytical sequence showing Cr precipitate in EBM fabricated and HIP component. (a)
TEM image of precipitate at foil edge. (b) SAED pattern showing (110) orientation for supporting NiCr
matrix. (c) EDS spectra for precipitate in (a). (d) Cr map using (¢). (e) Ni map for (a). (f) EDS
SPECTIUIM FOT INTCT TNAIITX. c..veeutieiiieitie et et ettt et et e st e e beestteeteeeabeenseesabe e seesabeenseesaseessseanseesssesnseennseenne 59

Figure 4.18. SLM fabricated and HIP (Z-axis) component 3D LOM composition showing equiaxed, fcc
(NiCr) grain structure and associated Precipitation. .........eoceerieerierieerie ettt 61

Xii


file:///G:/Dissertation_1_22.doc%23_Toc346625445
file:///G:/Dissertation_1_22.doc%23_Toc346625445
file:///G:/Dissertation_1_22.doc%23_Toc346625446
file:///G:/Dissertation_1_22.doc%23_Toc346625446
file:///G:/Dissertation_1_22.doc%23_Toc346625446
file:///G:/Dissertation_1_22.doc%23_Toc346625447
file:///G:/Dissertation_1_22.doc%23_Toc346625447
file:///G:/Dissertation_1_22.doc%23_Toc346625448
file:///G:/Dissertation_1_22.doc%23_Toc346625448
file:///G:/Dissertation_1_22.doc%23_Toc346625448
file:///G:/Dissertation_1_22.doc%23_Toc346625448
file:///G:/Dissertation_1_22.doc%23_Toc346625448
file:///G:/Dissertation_1_22.doc%23_Toc346625449
file:///G:/Dissertation_1_22.doc%23_Toc346625449
file:///G:/Dissertation_1_22.doc%23_Toc346625450
file:///G:/Dissertation_1_22.doc%23_Toc346625450
file:///G:/Dissertation_1_22.doc%23_Toc346625450
file:///G:/Dissertation_1_22.doc%23_Toc346625451
file:///G:/Dissertation_1_22.doc%23_Toc346625451
file:///G:/Dissertation_1_22.doc%23_Toc346625451
file:///G:/Dissertation_1_22.doc%23_Toc346625452
file:///G:/Dissertation_1_22.doc%23_Toc346625452
file:///G:/Dissertation_1_22.doc%23_Toc346625452
file:///G:/Dissertation_1_22.doc%23_Toc346625453
file:///G:/Dissertation_1_22.doc%23_Toc346625453
file:///G:/Dissertation_1_22.doc%23_Toc346625454
file:///G:/Dissertation_1_22.doc%23_Toc346625454
file:///G:/Dissertation_1_22.doc%23_Toc346625455
file:///G:/Dissertation_1_22.doc%23_Toc346625455
file:///G:/Dissertation_1_22.doc%23_Toc346625456
file:///G:/Dissertation_1_22.doc%23_Toc346625456
file:///G:/Dissertation_1_22.doc%23_Toc346625456
file:///G:/Dissertation_1_22.doc%23_Toc346625456
file:///G:/Dissertation_1_22.doc%23_Toc346625457
file:///G:/Dissertation_1_22.doc%23_Toc346625457

Figure 4.19. SLM fabricated and HIP (X, Y-axis) component 3D LOM composition showing equiaxed,
fcc (NiCr) grain structure and associated PreCipitation. .........ccveeecieeerciieerieeesieeereeeeteeereeeereeesreeseneeens 62

Figure 4.20. XRD spectra corresponding to horizontal and vertical reference planes in Fig. 4.18.
Precipitation peaks are dark Shaded.............ocveiiiiiiiiiiiiiie e 63

Figure 4.21. XRD spectra corresponding to horizontal and vertical reference planes in Fig. 4.19.
Precipitation peaks are dark shaded.............cooooiiiiiiiiii e s 64

Figure 4.22. SLM (Z-axis) fabricated and HIP component observed in vertical reference plane (Fig.
4.18). (a) SEM image of precipitates. (b) to (d) show corresponding EDS elemental X-ray maps. (c)
o T O LTS 0 T 65

Figure 4.23. SEM analysis sequence corresponding to Fig. 4.22(a). (a) Precipitates. (b) EDS spectra
for (a). (c) to (f) show corresponding EDS elemental X-ray maps. ......cccccceerveeriienieeiiienieeieenreenieesee e 66

Figure 4.24. SEM analysis sequence corresponding to the vertical reference plane in Figure 4.19 (X, Y-
axis) build. (a) Vertical surface view of precipitates. (b) Magnified view of precipitates. (c) to (e) show
corresponding EDS elemental X-Tay MapPS.........ccccuieruieriiiriieniieiieeieesee e esieeereesseesseesseeenseessneesaessneenns 68

Figure 4.25. EDS spectra corresponding to Fig. 4.24. (a) matrix. (b) Precipitate area as in Fig. 4.24(b).
Figure 4.26. TEM image in horizontal reference plane corresponding to Fig. 4.19 (X, Y-axis
component). The grain surface orientation is (110) shown in SAED pattern insert. Operating reflection,
g=[111]. Note diffraction spots normal to inclined twin plane in SAED pattern insert. ....................... 70
Figure 4.27. TEM image features for precipitates in a vertical reference plane corresponding to Fig.
4.19. The inserts (top right and bottom left) show magnified views for precipitates marked P, P,, Ps.
Precipitates are single crystals dispersed nonchoherently in the fcc NiCr matrixX........ccooceeveenienieennenne 71
Figure 4.28. TEM microanalysis sequence for precipitates in Fig. 4.27. (a) EDS analysis for precipitate
P;. Insert shows Nb characteristic X-ray map. (b) EDS analysis for precipitate P,. (c) Ni and Nb
characteristic X-ray maps for precipitate P, in Fig. 4.27....c.coooiiiiiieieeeeeeeeeeeee e 72

Figure 4.29. TEM microanalysis sequence for precipitate P; in Fig. 4.27. (a) Bright-field image. (b)

SAED pattern for (a). (c) Dark-field image of (a) using [246] diffraction spot circled in (b). (d) Tilted
bright-field ImMAZE OF (). ..ccveeuiiriiiiieie ettt sttt 73

Figure 4.30. Failed tensile specimen for EBM fabricated and HIP component (a) and SEM image of
corresponding fracture SUTTACE (D). .....ccveeiiiiiiiiiecieee e et e s tee e e e snre e e naeeea 75

Figure 4.31. TEM image for failed tensile specimen in Fig. 4.30(a) in a section ~2 mm from the
fracture surface, perpendicular to the tensile axis. The two views show sections in a (123) oriented
matrix grain. NbCr; precipitates are ODSETVEd. ......ccueiiiiiieiiieeiiie ettt etee e e s e e saeeeeeaeeeeeeas 76


file:///G:/Dissertation_1_22.doc%23_Toc346625458
file:///G:/Dissertation_1_22.doc%23_Toc346625458
file:///G:/Dissertation_1_22.doc%23_Toc346625459
file:///G:/Dissertation_1_22.doc%23_Toc346625459
file:///G:/Dissertation_1_22.doc%23_Toc346625460
file:///G:/Dissertation_1_22.doc%23_Toc346625460
file:///G:/Dissertation_1_22.doc%23_Toc346625461
file:///G:/Dissertation_1_22.doc%23_Toc346625461
file:///G:/Dissertation_1_22.doc%23_Toc346625461
file:///G:/Dissertation_1_22.doc%23_Toc346625462
file:///G:/Dissertation_1_22.doc%23_Toc346625462
file:///G:/Dissertation_1_22.doc%23_Toc346625463
file:///G:/Dissertation_1_22.doc%23_Toc346625463
file:///G:/Dissertation_1_22.doc%23_Toc346625463
file:///G:/Dissertation_1_22.doc%23_Toc346625464
file:///G:/Dissertation_1_22.doc%23_Toc346625464
file:///G:/Dissertation_1_22.doc%23_Toc346625465
file:///G:/Dissertation_1_22.doc%23_Toc346625465
file:///G:/Dissertation_1_22.doc%23_Toc346625465
file:///G:/Dissertation_1_22.doc%23_Toc346625466
file:///G:/Dissertation_1_22.doc%23_Toc346625466
file:///G:/Dissertation_1_22.doc%23_Toc346625466
file:///G:/Dissertation_1_22.doc%23_Toc346625467
file:///G:/Dissertation_1_22.doc%23_Toc346625467
file:///G:/Dissertation_1_22.doc%23_Toc346625467
file:///G:/Dissertation_1_22.doc%23_Toc346625468
file:///G:/Dissertation_1_22.doc%23_Toc346625468
file:///G:/Dissertation_1_22.doc%23_Toc346625468
file:///G:/Dissertation_1_22.doc%23_Toc346625469
file:///G:/Dissertation_1_22.doc%23_Toc346625469
file:///G:/Dissertation_1_22.doc%23_Toc346625470
file:///G:/Dissertation_1_22.doc%23_Toc346625470
file:///G:/Dissertation_1_22.doc%23_Toc346625470

Chapter 1: Introduction

Nickel-base alloys are increasingly being used in many industries today. Nickel is highly soluble
with elements in a wide solubility range including iron and chromium, which allows for solid solution
strengthening, carbide precipitation, and precipitation hardening of nickel-base alloys. Its ability to alloy
with most metals combined with advancements in powder metallurgy processing and new melting
technologies gives numerous possibilities to develop parts for high-strength, high-temperature, and even
cryogenic applications.

Cast and wrought alloys have limitations, which decrease or prevent microstructural control.
Additive manufacturing provides a way to manipulate properties as well as shape so that the alloy may
be used for any desired application. One advantage of the advanced technology of additive
manufacturing is that it is controlled by computer software that allows the fabrication of any 3-D model
that can be input into computer-aided design (CAD) software. It would be ideal to compare two methods
of rapid manufacturing as well as the parameters involved in the fabrication process using Inconel 625
and Inconel 718 to study the microstructures and to compare the properties of alloys fabricated by layer
manufacturing to cast and wrought alloys. To understand the change in properties, materials
characterization must be performed. Furthermore, it would be pertinent to heat-treat these fabricated
components and compare the properties of heat-treated specimens to the as-fabricated and cast alloy to

understand how to improve the properties to their maximum potential.

1.1 Properties and Applications of Inconel 718

Unlike many alloys in its family, Inconel 718 is a precipitation-hardenable Ni-Cr alloy. Its
composition (51Ni-22Fe-19Cr-5Nb-3Mo-1Co, with lesser additions of Ti (~1%) and Al (~0.5%)) allows
Inconel 718 to have high corrosion resistance simultaneously with high strength and flexibility as well

as being highly resistant to post-welding cracking. Inconel alloys also have good fatigue strength and



good cryogenic properties. Significant amounts of Ni and Cr are responsible for high-temperature
corrosion, oxidation, and carburization resistance. Other important elements such as Fe, Nb, and Mo,
with smaller amounts of Al and Ti, increase the mechanical and corrosion resistance of this alloy. The
face-centered cubic y (NiCr) matrix in Inconel 718 is a solid solution partially responsible for high
strength, but the main strengthening mechanism of Inconel 718 is the precipitation in the form of cubic
(ordered face-centered) y' (Niz(Al,Ti,NDb)), body-centered tetragonal (DO2) v” (NisNb), and
orthorhombic (DO,) & (NisNb) phases distributed within the matrix and along grain boundaries.
However, other phases detrimental to the applications of Inconel 718 in its wrought form are present and
must be heat-treated to achieve the desirable precipitation phases to develop a higher-performing alloy.
These properties are desirable for common applications such as tooling, but Inconel 718 has been more
commonly used for applications in a wide range of temperatures from cryogenic tanks to most aircraft
engine components and structural applications up to ~700°C including gas turbine blades, combustors,

and rocket motors. (Mankins, et al. 1990; Smith 1981)

1.2 Properties and Applications of Inconel 625

Inconel 625 is a Ni-Cr-Mo alloy with an addition of niobium that has its solid-solution hardening
of the NiCr face-centered cubic (y) matrix. At elevated temperatures, molybdenum acts with the small
addition of niobium, and other alloying elements such as iron, cobalt, titanium and aluminum, and
stiffens the matrix. The difference in atomic diameter between nickel and its alloying elements ranges
from 1 to 13%, in which the lattice expansion is a large factor for hardening at elevated temperatures.
Molybdenum, however, is the most effective hardener of alloy 625 above 0.6 T, due to its slow diffusion
rate in the high-temperature creep range. Aside from high strength, chromium provides excellent
corrosion resistance and oxidation resistance near nickel’s melting temperature (1450°C). Precipitation
of intermetallic phases and carbides occur when the alloy is subjected to elevated temperatures ranging

from 550-750°C. Inconel 625’s wide service temperature range (from cryogenic to ~980°C) allows



many industries, including aeronautical, aerospace, chemical, petrochemical, marine, and nuclear, to use

this superalloy for many applications. (Ganesh, et al. 2010; Mankins, Lamb 1990; Shankar 2001)

1.3 Background of Additive Manufacturing

Over the past decade a variety of additive-layer manufacturing technologies employing electron
and laser beam fabrication have demonstrated novel prospects for developing complex and
multifunctional components with applications in biomedical, aeronautical, and automotive areas
(Cormier et al., 2004; Murr et al., 2009; Murr et al., 2012a). In contrast to more conventional metal or
alloy fabrication involving cast or wrought processing, electron and laser beam processing, especially
electron beam melting (EBM) and selective laser melting (SLM) involve new directional solidification
concepts as well as novel prospects for microstructure control through the development of scanning
strategies or related process variables (Thijs et al., 2010; Bontha et al., 2009). These features produce
solidification cooling rate and thermal gradient phenomena, which contribute to microstructure and
microstructural architecture development and resulting mechanical properties.

Thijs et al. (2010) have shown that laser beam scan speed and beam power can control grain
orientation and martensitic transformation in Ti-6Al-4V alloy. Similar phenomena have been
demonstrated in the development of solidification maps to investigate trends in grain size and
morphology in Ti-6Al-4V by Bontha et al. (2009). Murr et al. (2009) have compared Ti-6Al-4V
microstructures for EBM and SLM fabrication where the more rapid SLM solidification cooling
produced a propensity of o’-martensite. More recent observations of EBM and SLM fabrication of Ni-
base and Co-base superalloys have demonstrated the development of columnar precipitates formed
within the micron-size melt pools along with textured, columnar grains in the fcc matrix (Gaytan et al.,
2010; Murr et al; 2011). Similar texturing of martensite laths has also recently been observed in the
SLM fabrication of 17-4 PH stainless steel as well (Murr et al., 2012b). In these studies, EBM
fabrication involved connected melt pools measuring 2-3 pum while SLM fabrication involved melt pool
dimensions ~1 um. EBM scanning differs from SLM scanning in fundamental ways which include the
energy absorption and deposition within the additively-formed powder bed layers, beam focus and scan

spacing, as well as powder bed pre-heat scanning and multiple or re-melt scanning. These thermo-



kinetic phenomena can influence precipitate or other phase development and transformation in complex
ways, which differ notably from more conventional thermo-processing. (Amato, et al., 2012)

These recent technological innovations using laser and electron beams controlled by computer-
aided software to build 3-D solid models from pre-alloyed metal powders allow for mass customization
and the fabrication of complex parts used for long-term functionality. A big advantage of rapid
manufacturing includes the elimination of tooling, which reduces production time and cost.

The research in this presentation has been published in the following papers:

1. Amato, K.N., Gaytan, S.M., Murr, L.E., Martinez, E., Shindo, P.W., Hernandez, J., Collins, S., and

Medina, F. Acta Materialia 2011; 60(1): 2229-39.

2. Amato, K.N., Murr, L.E., Hernandez, J., Martinez, E., Gaytan, S.M., Shindo, P.W., and Collins, S.
Journal of Materials Science Research 2012; 1(2).



Chapter 2: Research Objectives

The idea of this project is to determine a way to improve the properties of Inconel 718 and 625
while customizing their form to increase its range of applications via fabrication by selective laser and
electron beam melting. Pre-alloyed precursor Inconel 718 and 625 powders were analyzed by optical
metallography, scanning electron microscopy, and X-ray diffraction. The Inconel 718 powder was used
to fabricate cylinders by selective laser melting using two different build methods; the cylinders were
built in the z-axis orientation and the x-axis orientation, parallel to the build direction and perpendicular
to the build direction, respectively. Cylinders were fabricated in either an Ar or N, environment and
compared. The Inconel 625 powder was used to fabricate cylinders via two different processes: selective
laser melting and electron beam melting. Sections of all cylinders were analyzed in both horizontal and
vertical reference planes by optical microscopy, X-ray diffraction, scanning electron microscopy and
transmission electron microscopy. Mechanical properties of powder and fabricated specimens were
determined by macrohardness and microhardness measurements as well as tensile testing. As- fabricated
specimens were HIP following a pre-anneal. Separate as-fabricated Inconel 718 cylinders were
annealed. Similar analysis to as-fabricated specimens was performed on fabricated and HIP specimens
and fabricated and annealed cylinders. Microstructural characteristics and mechanical properties of
fabricated and fabricated and heat-treated specimens were compared to those of cast and wrought

Inconel 718.



Chapter 3: Build Direction and Environment Comparison of Inconel 718
The contents of this chapter can be found in the following journal article:

Amato, K.N., Gaytan, S.M., Murr, L.E., Martinez, E., Shindo, P.W., Hernandez, J., Collins, S., and
Medina, F. Acta Materialia 2011; 60(1): 2229-39.

In the present study, pre-alloyed, rapidly solidified (atomized) Inconel 718 powder served as a

precursor for the production of ‘:: { 1 - 3
additive manufactured .’ “

components using selective laser
melting (SLM). The SLM process
utilizes an inert atmosphere (argon
or nitrogen gas). This study
represents a comprehensive
microstructural and mechanical
behavior characterization using

optical metallography (OM),

scanning and transmission
electron microscopy (SEM and
TEM employing energy-
dispersive (X-ray) spectrometry
(EDS)), and X-ray diffraction
(XRD) analysis. Mechanical
properties (hardness and tensile,

including fracture surface analysis

in the SEM) were also measured
3 b
Figure 3.1. SEM views of the prealloyed (Inconel 718) precursor
powder. (a) Lower magnification showing the range of powder sizes
and spherical morphology. (b) OM image for powder particle etched
cross-section showing interior microdendritic microstructure.

for as-fabricated and heat-treated

components.



3.1 Experimental Methods

3.1.1 Precursor Powder and As-Fabricated Components

A pre-alloyed atomized Inconel 718 powder with a composition of 53.5Ni-19Cr-18.3Fe-5Nb-

3Mo-1Ti-0.43Al was analyzed before being used to fabricate cylindrical components by selective laser

melting. The powder size distribution and morphology was determined by the SEM image shown in

Figure 3.1(a). The average particle size determined from this image is 17 um. An OM image of a

mounted, polished, and etched particle section shown in Figure 3.1(b) reveals the microdendritic

structure of the powder.

3.1.2 Selective Laser Melting

Fabrication by selective laser melting was performed by an EOS M270 SLM system from EOS

©), ‘ﬂ

(o

.
-Q-—-l

Figure 3.2. SLM system schematic: Electron gun (1), rotating
mirror lens system (2), beam focus lens (3), powder roller (4),
build platform (5), powder feed (6), powder recycle container (7).
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GmbH (Germany). The
schematic in Figure 3.2 shows
how the 0.2 kW Yb: YAG fiber
laser beam (1), 100 um in
diameter, is scanned by a rotating
lens mirror system (2) and then
driven by an embedded CAD
program (3) onto a powder bed.
The mechanical recoater (4) rolls
a layer of powder onto the build
table (5) as powder is fed from a
supply container (6). The excess
powder is recycled after it is
rolled into another container (7).
The build table is heated to and
maintained at 80°C throughout

the build process. The beam scan



rate is 800 to 1200 mm/s during melting and scans in the x-y direction or alternating x and y directions
for each layer. Efficient heat conduction and component cooling during SLM fabrication are achieved in
a purified argon or nitrogen environment, which also provides oxidation resistance by purging oxygen
from the system. The microstructure of the component can be altered by adjusting the beam scan speed,
beam width, scan spacing, and scan strategies (directional or orthogonal x-y scans). Additionally, the
layer may be remelted if rescanned
by the melt scan, and a process
anneal may occur if the beam is
adjusted to re-heat the layer.
Cylindrical components
with a diameter of 1.6 cm and a

height of 8.75 cm were fabricated

both perpendicular and parallel to

the build direction, in the x-y axis

Figure 3.3. SLM as-fabricated
cylinders built in (a) z-axis and (b) x-y
axis orientations.

and z-axis, respectively. Figure 3.3
shows fabricated cylinders in both

transverse and longitudinal build

directions. These cylinders were
fabricated with alternating (x-y) scans in either argon or nitrogen gas environments surrounding the

build components.

3.1.3 Heat Treatments

The as-fabricated cylinders were annealed at 982 °C under vacuum for 0.5 h, hot isostatic
pressed (HIP) at 1163°C at 0.1 GPa for 4 h in argon. As-fabricated samples were also annealed in argon
at 1160°C for 4 h. The microstructures of the HIP/annealed and annealed samples were compared to as-

fabricated cylinders.



3.1.4 Microstructural Characterization

Optical Metallography

The microstructures for both the as-fabricated and HIP-annealed samples were observed by OM
initially utilizing a Reichert MEF-4 A/M metallograph using digital imaging. Coupons were cut as
horizontal (transverse) reference plane samples perpendicular to the beam direction (or build direction)
or as vertical (longitudinal) reference plane samples parallel to the build direction. These coupons were
mounted, ground, polished, and electro-etched in a solution of 70 mL phosphoric acid and 30 mL water,

at room temperature; using 5V for etching times between 5s and 120s.
X-Ray Diffraction
XRD spectra were analyzed for the powder in Figure 3.1 as well as extracted coupons from

transverse (horizontal) and longitudinal (vertical) reference planes from fabricated cylinders. The XRD

system was a Brucker AXS-D8 Discover machine using a Cu target.

Scanning and Transmission Electron Microscopy

SEM imaging (as in Figure. 3.1(a)) employed a Hitachi S-4800 field emission (FE) SEM fitted
with an EDAX-EDS system, and normally operated at 20 kV in the secondary electron or backscatter
electron emission imaging modes. An EDAX energy-dispersive X-ray spectrometer (EDS) was also an
attachment to the SEM for chemical analysis and elemental mapping. Extracted coupons were also
examined in the TEM using a Hitachi H-9500, high-resolution, digital imaging system, operated at 300
kV. Specimens for TEM were prepared by grinding extracted coupons to a thickness of ~ 200 um,
punching 3 mm discs, mechanically dimpling the discs, and electropolishing them in a Tenupol-5 dual
jet system at a temperature of ~ -30°C, using an etchant consisting of 200 mL perchloric acid and 800
mL methanol; at 13 V. The TEM was also fitted with a goniometer-tilt stage, which facilitated contrast
control, selected-area electron diffraction pattern manipulation, and dark-field imaging. The TEM was
also fitted with an EDAX energy-dispersive X-ray spectrometer (EDS) with a spatial resolution of

chemical elements of roughly 20 nm on a side.



3.1.4 Mechanical Behavior

Microindentation (Vickers-HV) hardness and macroindentation hardness (Rockwell C-scale-
HRC) using 0.25N and 1.5N loads, respectively, were made on specimen sections extracted from z-axis
and x-axis cylinders parallel or perpendicular to the build direction and representing the horizontal and
vertical reference planes correspondingly perpendicular to or parallel to the build direction. The
microindentation hardness tester was a Shimadzu HMV-2000 digital measuring system. Measurements
were averaged for 20 HV values and 10 HRC values measured.

Tensile specimens were machined from the as-fabricated Ar and N, gas built cylinders and the
HIP-annealed cylinders representing both the vertical (z-axis) built specimens as well as the horizontal
(x-axis) built specimens. Tensile testing was performed on a Universal Testing machine at room
temperature (~22°C) at a strain rate of ~10°s™. Fracture surface examination was also performed using

the SEM.
3.2 Results and Discussion
3.2.1 Microstructural Characterization

As-Fabricated Components

Figure 3.4(a) shows the appearance of melt pools and layer development as a result of alternating
(x-y) melt scans every other layer when viewed in the vertical reference plane (in the build direction) for
an x-axis oriented cylinder. This melt pool layer appearance has been observed for the SLM fabrication
of Ti-6Al-4V components using a similar scanning strategy by Thijs et al. (2010). The melt pool width
is observed to vary from ~ 75 um to 100 um while the average layer thickness is observed to be ~ 50
um. The magnified view in Figure 3.4(b) also shows the development of columnar grains and other
regular columnar microstructures essentially parallel to the build direction (indicated by the arrow).
When viewed in a 3-dimensional section as shown in Figure 3.5, the irregular, columnar microstructures
shown in Figure 3.4(b) in the vertical reference plane are observed to compose an equiaxed or regular,
spatial, columnar architecture having dimensions between 0.5 and 1 um as observed in the horizontal

reference plane section showing these arrays.

10
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Figure 3.4. (a) Melt pool overlap and layer development observed in the vertical reference
plane (parallel to the build direction shown by the arrow) for an x-axis oriented, as-
fabricated cylinder (in argon). (b) Magnified view showing columnar grain structure (G) and
fine columnar special features (shown by arrow). B indicates the build direction.
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Figure 3.5. 3D optical metallograph (OM image) composite showing the details of columnar
grains and fine arrays relative to the build direction shown by arrow (top left) for an as-
fabricated (x-axis) cylinder in argon gas.
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Figure 3.6. XRD spectra for (a) precursor Inconel 718 powder, (b) EBM as-fabricated (z-
axis) cylinder in argon for the horizontal reference plane, (c) vertical reference plane.

Figure 3.6 compares the XRD analysis for the pre-alloyed Inconel 718 precursor powder with the
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horizontal and vertical reference plane spectra for a z-axis oriented cylinder in Ar. The powder XRD
spectra (Figure 3.6(a)) are coincident with solid-solution y-fcc NiCr (a=0.359 nm; Space Group: Fm-
3m) and exhibit a prominent (111) texture. In comparison, the XRD spectra for the as-fabricated
Inconel 718 components (in both Ar and N,) exhibited mixed (111) and (200) texture peaks in the
horizontal reference plane (Figure 3.6(b)) and in the corresponding vertical reference plane (Figure
3.6(c)) for both z-axis and x-axis-oriented cylinders. The strong (200) texture is consistent with the
EBM fabrication of Inconel 718 products by Strondl et al. (2008), where y(fcc) grains were oriented

with <100> parallel to the build direction and represented a “strong cube solidification and growth

texture, almost like a
SCANNING
LASER BEAM

single crystal”.

ALTERNATING The y” (bct)
LAYER STRUCTURE

NisNb precipitate

diffraction spectra
coincide (or overlap)

with the y(fcc) matrix

spectra as shown in Fig.
3.6(b) and (c) for
200v//200y" as well as

/ =
4 =
fé - 220v//200y".
r = . .
4 = BUILD Figure 3.7 provides
; = DIRECTION . .
7 = a schematic composite
/ = .
COLUMNAR({200] 7 showing these features
GRAINS 7 = |_
} } ? '-_7 g as they relate to the scan
/ e
/ (100) geometry and melt-pool
. COLUMNAR y~ related layer
020] PRECIPITATES
[002] S Figure 3.7. Schematic views illustrating the directional development, as well as
NN solidification-induced columnar grains and y” precipitate

arrays as well as the melt-pool/layer structure development the columnar arrays

in SLM. The coincident plane variants for (100) [200] are
shown at [002], [200] and [020].

14



formed as directional, epitaxial-like solidification phenomena related to the high-temperature gradients

occurring during the SLM process.

Fabricated and HIPed Components

While Figure 3.5 shows these columnar architecture arrays for an x-axis cylinder built in an
argon gas environment, Figure 3.8 shows a more regular columnar architecture spatially identical to
Figure. 3.5 for an x-axis oriented cylinder built in argon gas and HIPed at 1163°C for 4h in 0.1 GPa
argon pressure, following an initial stress-relief anneal at 982°C for 0.5h. Figure 3.9 shows a similar 3D
microstructural architecture composite for a z-axis oriented cylinder built in argon gas and HIPed as
noted for Figure 3. 8. Figure 3.10 shows a vertical section reference view for an SLM-fabricated x-axis
cylinder built in a nitrogen gas environment and HIPed as noted for Figures 3.8 and 3.9. Figure 3.10
shows some recrystallized areas exhibiting a relatively uniform, dense distribution of precipitates, with
remnants of the columnar microstructural architecture shown in Figure 3.5 for the as-fabricated product,
and in Figures 3.8 and 3.9 for as-fabricated and HIPed products. Figure 3.11 represents a 3D composite
for the as-fabricated (in nitrogen gas) and HIPed x-axis cylindrical component which is essentially
identical to the 3D composite, columnar, microstructural architectures shown in Figures 3.8 and 3.9.

The columnar microstructural architectures shown in Figures 3.5, 3.8 and 3.9 to 3.11 are similar
to those observed in alloy 625 components fabricated recently by electron beam melting (EBM) [8],
where the columns were observed to be composed of y"-NisNb (bct) precipitates with spatial dimensions
of ~ 2 um, was more than twice that observed in Figures 3.5 to 3.11. Strondl et al [6] have also shown
similar microstructural features in Inconel 718 fabricated by EBM, but the columnar y” architecture was
not described in detail.

However, this does not provide unambiguous evidence for y” (bct) precipitation composing the
columnar microstructural architectures in Figures 3.8, 3.9 and 3.11 because y(fcc)(a=0.361 nm; Space
Group: Fm-3m) precipitate spectra can essentially coincide with all of the y(fcc)-NiCr matrix spectra as
well as the y"200 and 220 spectral peaks. Consequently, unambiguous identification of y’and y”
precipitates must rely on TEM observations of particle morphologies and dimensions, and especially

selected-area electron diffraction (SAED) patterns and corresponding, systematic dark-field imaging as
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illustrated in much earlier work on Inconel 718 ingots and related products by Paulonis et al. (1969),

Kirman and Warrington (1971), Oblak et al. (1974), Sundararaman et al. (1992), and He et al. (1994).
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Figure 3.8. OM 3D composite view for a cylindrical component (x-axis) fabricated in argon and
HIPed in argon. Build direction is noted by the arrow (bottom right).
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Figure 3.9 OM 3D composite view for a cylindrical component (z-axis) fabricated in argon and
HIPed in argon. Build direction is noted by the arrow (bottom right).

17



LAY i N o
| r}:‘??’:—"""' AR TP
L SRR AN AN -

LS PR A( .'.“'&? A --

AR h N e
T EAL X

AL AY
FAMERE

%- AT ."wt‘ ""
P

Figure 3.10. Vertical reference section (OM) views showing partial recrystallization for
x-axis fabricated cylinder in nitrogen and HIPed in argon. Arrow in (a) shows the build
direction. (b) shows a magnified view of (a).
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Figure 3.11. OM 3D composite view for a cylindrical component (x-axis) fabricated in nitrogen and

HIPed in argon. Build direction is noted by the arrow (bottom right).
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Figure 3.12 shows a magnified 3D TEM image composite corresponding to a section of Figure
3.9, which illustrates a variety of dense precipitates within these columnar [100] arrays and composing
the apparent array boundaries. The horizontal surface view in Figure 3.12 shows oblate ellipsoidal or
spheroidal particles as large as 250 nm (major axis dimension) immersed in a dense field of precipitates
<10 nm diameter inside or in the boundaries of equiaxed arrays. Well-defined columnar arrays of
elongated precipitates coincident with (100) are observed in the vertical reference plane in Figure 3.12,
parallel to the build direction (arrow). These crystallographic features are shown by the (010) SAED
pattern insert in the forward vertical reference plane in Figure 3.12. The columnar precipitate arrays are
also parallel to columnar, very low-angle grain boundaries indicated by the arrow to the left in the
vertical reference plane in Figure 3.12. From the TEM 3D composite in Figure 3.12, it is impossible to
delineate between the cylindrical-like columnar precipitate arrays and the columnar grain boundaries or
columnar grains many of which have a [100] (200) texture as shown in the corresponding XRD spectra
in Figure 3.13. Figure 3.13 shows, in contrast to Figure 3.6(b) and (c), that the HIP-anneal process
altered the texturing of the columnar precipitate arrays shown in Figures 3.8, 3.11 and 3.13, producing a
dominant (200) texture in the horizontal reference plane and (200) and (220) texture in the vertical

reference plane. The (200) texture is reflected in the (001) SAED pattern insert in Figure 3.12.
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Figure 3.12. TEM-3D image composite view for an as-fabricated (in argon) z-axis cylinder
HIPed in argon. The SAED pattern insert corresponds to a y[001] zone in the vertical reference
plane as shown. The arrow to the right indicates the build direction.
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Figure 3.13. XRD spectra representing as-fabricated and HIPed (in argon) z-axis oriented
specimen. (a) Horizontal reference plane (normal to the build direction). (b) Vertical reference
plane (parallel to the build direction).
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Figure 3.14 shows the details of a vertical reference plane section of columnar precipitates stacked like
dinner plates, and coincident with the fcc matrix (100) planes. The elongated precipitates appear to be
oblate spheroids or ellipsoids with the long axis (major axis dimension) coherent with the (100) planes
of the fcc (NiCr) matrix. This is observed from the SAED (001) diffraction pattern insert, which clearly
shows the y” (bct) diffraction spots and streaking of these spots in the [100] direction perpendicular to
the major axis of the precipitates. Only the {100} (shown at (1) in Figure 3.14) and {*2 1 0} and {1 %
0} type (bct) superlattice reflections (shown at (2) in Figure 3.14) for y” precipitates appear in the SAED
pattern insert in Figure 3.14. The columnar stacks of y” precipitates in Figure 3.14 (parallel to the build
direction shown by the arrow) are ~250 nm wide, with precipitate thicknesses of ~25-50 nm, spaced the
same distance. In Figure 3.14, the propensity of y” precipitates are coincident (coherent) with the (100)
planes while some are observed to be coincident with the other (010) variant. Dense and often irregular
arrangements of various geometries and very small (regular) sizes of precipitates (y”) also occur
throughout the NiCr (fcc) matrix.

In retrospect comparing and examining Figures 3.3, 3.5, 3.6, 3.9 and Figures 3.11- 3.14 provides
for a conceptual, mechanistic view of the SLM build process producing columnar (textured) grains and
y” precipitate arrays.

The stacks of disc-like or oblate spheroidal y” precipitates implicit in Figure 3.14 appear to be
created in successively formed melt pools as a consequence of their short interaction times and high
conductive heat transfer, possibly facilitated by the argon or nitrogen gas environments, or their
corresponding thermal conductivities. In this regard, it is interesting to consider that while the thermal
conductivity (K+) of nitrogen and argon gas is 0.026 Wm™K™ and 0.018 Wm™K™ respectively at 300 K,
they both increase linearly up to more than 2000 K (Faubert 1972). Correspondingly, Kt(N2)/K+(Ar) =
1.4. While we have not observed any notable microstructural variances between specimens fabricated
by SLM in nitrogen versus argon gas (corresponding Figures 3.8 and 3.11 for example), there may be
subtle difference in properties for components fabricated in these gases utilizing the same build or scan

strategies (or parameters).
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Figure 3.14. Magnified TEM bright-field image for a vertical reference plane section corresponding
to Fig. 3.12. Lenticular-like/oblate ellipsoidal y” precipitates are coherent with {100} planes in two
prominent columns (c) which are parallel to the build direction noted by large arrow. Some
precipitates are coincident with the {010} variant shown. The SAED pattern insert shows a y [001]

zone axis. Y’ <I00> and <1 % 0> reflections are noted by spots designated 1 and 2, respectively.
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Fabricated and Annealed Components

While the HIPed-annealed specimens were only slightly recrystallized as shown in Figure 3.10,
the recrystallized regions exhibited a dense, homogeneous precipitate distribution (Figure 3.10 (b)).
However, the recrystallization was considerably more extensive for the as-fabricated components
annealed in Ar at standard pressure for 4h at 1160°C. This feature is illustrated in Figures 3.15 and
3.16(a), which show corresponding horizontal and vertical reference plane observations for an x-axis
cylinder fabricated in argon. Because of the etching, only traces of recrystallized grain boundaries are
observed in Figure 3.15, while Figure 3.16(a) shows remnants of the melt pool-layering in the vertical
plane parallel to the build direction noted by the arrow. By tailoring the etchant (5% HCI plus 95%
water) and electroetching at 4V for 0.5 to 1 minute, both the recrystallized (NiCr-fcc) matrix grain and
coherent twin boundary structure could be observed as shown in Figure 3.16(b).

Figure 3.17 shows, for comparison with Figures 3.5, 3.8, 3.9 and 3.11, a 3D composite view
typical for the as-fabricated and annealed cylindrical samples. The unrecrystallized columnar y”
precipitate zones (C) can be observed in contrast to the recrystallized and re-precipitated fcc matrix (R)
where in contrast to the coherent y” oblate spheroidal/ellipsoidal precipitates in the columnar arrays, the
precipitates in the recrystallized matrix in Figure 3.17 are more regular (cuboidal or spherical), with
apparent diameters from Figure 3.17 of ~ 300nm. XRD spectra obtained for the horizontal and vertical
reference planes corresponding to Figure 3.17 were, as shown in Figure 3.18, similar to those
representing the as-fabricated and HIPed components shown in Figures 3.6 and 3.13, respectively,
except for the variations in texture as a consequence of the more extensive recrystallization apparent in
Figure 3.17. The XRD spectra corresponding to Figure 3.17 and shown for the horizontal and vertical
reference planes in Figure 3.18, are similar to those for the HIP-annealed components illustrated in
Figure 3.13. There is some additional prominence of (111) in both reference planes and some additional
(200) and (220) prominence in the vertical reference plane for both Figures 3.13 and 3.18. Both Figures
3.13 and 3.18, representing annealing of the as-fabricated components, show some recognizable
variances in spectral peak prominence, especially the suppression of (111), and recognizable prominence
of (220) in the vertical reference plane parallel to the build direction. Figure 3.13(a) shows a (004) y”

peak not present in other XRD spectra (Figures 3.6 and 3.18), while Figure 3.18 (b) shows a new peak
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for the NisNb orthorhombic (8) phase indexed as (201) 6 (a=0.51 nm, b = 0.42 nm, ¢ = 0.45 nm; Space
Group: Pmmn). The d-phase is also referred to by some investigators as the B-phase [13]. While the
precipitates distributed within the recrystallized regions (marked R in Figure 3.17) may be y’(fcc-
Ni3Nb), the corresponding spectral peaks overlap the fcc NiCr matrix peaks since the lattice parameters
only differ by 0.012 nm (0.3%). Correspondingly, except for the (004) y” spectral peak in Figure
3.13(a), there is no clear delineation of the precipitate identity in the XRD patterns (Figures 3.6, 3.13

and 3.18) as noted previously.

Figure 3.15. Horizontal reference plane (OM) view for recrystallized microstructures following
as-fabricated (argon) and annealed treatment (argon) for an x-axis oriented cylinder.
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Figure 3.16. (a) Vertical reference plane (OM) view for recrystallized microstructures corresponding
to Figure 3.15, showing melt pool interaction and layering in remnant columnar microstructure. Arrow
denotes the build direction. (b) Horizontal plane reference (OM image) corresponding to (a) etched to
reveal the recrystallized grain and annealing twin (y) boundaries (arrow).
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Figure 3.17. OM 3D composite view for the annealed (4h @1160°C) argon-fabricated, x-axis cylinder.
The recrystallized regions are denoted R. Selective etching reveals homogeneous globular precipitates. C

indicates the original (remnant) columnar microstructural architecture arrays. Arrow at upper left denotes
the build direction.
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Figure 3.18. XRD spectra representing the as-fabricated and annealed (4h @1160°C) specimens
corresponding to Fig. 3.17. (a) Horizontal reference plane. (b) Vertical reference plane.
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Figure 3.19 illustrates this feature for a typical recrystallized region in the horizontal reference
plane characterized by Figure 3.17. The magnified TEM image portion in Figure 3.19 shows oblate
ellipsoidal y” precipitates having an average minor axis dimension of ~ 7 nm and a major axis coincident
with {001} of ~ 35 nm, or aratio D/d = 5. The reduced magnification dark-field image insert in Figure
3.19 shows these aligned " precipitates using the [001] reflection indicated by the small arrow in the
SAED pattern insert in Figure 3.19. The white arrow in Figure 3.19 illustrates the [001] direction,
which is perpendicular to the coincident (001) planes. This dense y” precipitate occurrence is similar to
observations of Slama et al. (1997) for aging of Inconel 718 at 750°C for 4h to 98h and He et al. (1994)
for solution treatment of alloy 718 up to 1050°C for 1h. The interesting feature of the present
observations (in Figure 3.19) is the dense arrangement of fine y” precipitates which have re-precipitated
100°C above this temperature, although the 4h anneal corresponded to the aging time for the optimum
volume fraction of precipitates. The y” precipitate dimensions shown in Figure 3.19 are also consistent
with those observed for alloy 718 aging at 750°C for 4h (Slama, et al. 1997), and up to 1050°C for 1h
(He, et al. 1994).

The occurrence of the d-phase (or -phase: orthorhombic — NizNb) in the XRD spectrum of
Figure 3.18 was observed at grain boundaries or more specifically those boundaries characterizing the
recrystallization front separating the unrecrystallized y” regions from the recrystallized regions
illustrated typically in Figure 3.17, as shown in Figure 3.20. The magnified and tilted views of 3.20 (a),
3.20(b) and 3.20(c), respectively, show a denuded zone surrounding a &-phase precipitate from a high
density of coherent y"-phase fine precipitates in the recrystallized region. This interfacial occurrence of &
precipitates is characteristic of many earlier observations in grain boundaries of annealed, wrought
Inconel 718 alloy (Sundararaman, et al. 1992, He, et al. 1994, Slama, et al. 1997, Azadian, et al. 2004,
Li, et al. 2002).
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100 nm

Figure 3.19.  TEM observation of dense y” precipitation in recrystallized regions for annealed SLM-
fabricated Inconel 718. The enlarged view shows oblate ellipsoidal y” precipitates coincident with (001) (or

(001)) planes while the lower magnification dark-field image insert shows these precipitates imaged with

the [001] (bet) reflection at small arrow in the SAED pattern insert. The surface orientation is noted as the
[210] fcc zone. A indicates a common reference for the enlarged view and the reduced magnification, dark-
field image insert. Note the magnification bar in the dark-field insert is the same as shown in the bright-
field image.
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Figure 3.20. d precipitate at a grain boundary separating an unrecrystallized grain from a
recrystallized grain. (a) shows recrystallized grain as (R). (b) magnified view of precipitate. ()
tilted view of (b).
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3.2.2 Mechanical Behavior

Wrought Inconel 718 has been largely used in critical components for turbine engine fabrication
because of its relatively high mechanical properties up to about 700°C. The y”-phase has been the
principal strengthening agent (Sundararaman, et al. 1992, He, et al. 1994, Slama, et al. 1997, Azadian, et
al. 2004, Li, et al. 2002), especially during isothermal aging in the 550°C to 900°C temperature range
(Slama, et al. 1997, Li, et al. 2002, Eiselstein 1965). While the present study has not involved
systematic aging, hardness and tensile measurements have been made and compared as illustrated in
Table 3.1.

Table 3.1 compares hardness (both Vickers (HV) and Rockwell C-scale (HRC)) measurements
along with tensile behavior for SLM-fabricated cylinders, fabricated and HIPed cylinders, and fabricated
and annealed cylinders at selected orientations and in argon or nitrogen gas atmospheres. These selected
measurements are also compared with nominal wrought and annealed Inconel 718 and aged alloy 718
mechanical behaviors. It is observed that the Vickers microindentation hardness for the SLM-argon-
fabricated x-axis cylinder components averaged ~ 3.9 GPa for the horizontal and vertical reference
planes while the corresponding HIPed component averaged 5.7 GPa, in contrast to 4.6 for the SLM-
fabricated and annealed (4h @ 1160°C) component. These hardness results can be compared to the
microindentation hardness evolution for isochronal tempering (@4h) of wrought Inconel 718 in the
temperature range of 500 to 850°C by Slama et al. (1997). In this work (Slama, et al. 1997), the
hardness (HV) between 500°C and 600°C remained constant at 2.8 GPa while samples quenched from
990°C had a hardness of 2.5 GPa. After tempering at 650°C, the hardness was 3.5 GPa. The maximum
hardness of 4.7 GPa occurred at 750°C, decreasing to 4 GPa at 800°C @4h and to 2.8 GPa at 850°C.
Corresponding HRC values for the SLM-fabricated components as well as the HIPed samples averaged
32 HRC and 40 HRC, respectively in contrast to wrought, annealed and aged values of 24 HRC and 45
HRC, respectively.

While the measured hardnesses in Table 3.1 for the SLM-fabricated and treated component cylinders are
comparable to wrought Inconel 718 behavior, the yield (YY) and ultimate tensile strength (UTS) slightly
exceed the wrought-annealed products, while the elongation is essentially the same. However, the aged,

wrought Inconel 718 strength (yield and UTS) exceeds the SLM-fabricated and treated products,
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although the elongation is significantly reduced. There is a consistent variance of yield and UTS for the
x-axis oriented specimens and the z-axis oriented specimens (between 5 and 6 percent) for both the
argon atmosphere fabricated cylinders and the nitrogen atmosphere fabricated components. This
difference is due primarily to the variance in the directional, columnar grain and y” microstructural
architecture relative to the tensile axis. While there is a comparable variance in the 0.2% offset yield
strength between the argon and nitrogen gas atmospheres, there is no corresponding UTS or elongation
variance, and it is concluded that the gas environment (argon or nitrogen) did not significantly influence
the corresponding SLM-built components. There were also no corresponding microstructural (y")

variances for specimens fabricated in argon or nitrogen, and correspondingly treated.

3.3 Summary

The SLM fabrication of cylindrical components of Inconel 718 from pre-alloyed powder in both
argon and nitrogen atmospheres produces an unusual, columnar microstructural architecture composed
of primarily <200> textured y"-phase precipitate columns within directionally solidified and similarly
textured grains. The y"-phase (bct-NizNb) precipitates were coincident and coherent with the y(fcc)
matrix {001} and {010} planes for [200] and {100} as well for [020] or [002] texture. These findings
are completely consistent with wrought Inconel 718 alloy characterized in detail over the past several
decades.

In the as-fabricated form, the y"-phase precipitates are oblate spheroids/ellipsoids nominally
measuring 100 nm in the major axis dimension (D) and 25 nm in the minor axis dimension (d): D/d = 4.
The corresponding microindentation hardness for specimens fabricated as horizontal cylinders with their
axis perpendicular to the scan build direction (x-axis orientation) was 3.9 GPa. Upon HIPing in argon at
1163°C for 4h (preceded by a stress-relief anneal at 982°C for 0.5h) the Vickers microindentation
hardness increased to 5.7 GPa for the same cylinder orientation. There was a marked preference for
<200> texture and the y"-phase precipitate columns become more regular, producing arrays spaced ~ 0.8
pm. HIPing also resulted in a 5 to 10 percent volume fraction of recrystallized material where the y"-
phase precipitate columns dissolved, and a homogeneous precipitation of primarily coherent, spherical

or cuboidal-like precipitates occurred. There was a 5 to 6% variance in the strength of cylinders
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fabricated in the x-axis orientation (normal to the build direction) or the z-axis orientation (parallel to the
build direction) as a consequence of the orientation of the columnar y”-phase architecture: parallel to the
z-axis cylinders axis, and perpendicular to the x-axis cylinder axis; correspondingly parallel and
perpendicular to the tensile axes, respectively.

SLM-fabricated and annealed (1160°C @ 4h) cylinders exhibited a much higher volume fraction
of recrystallized y(fcc) material (> 50%) and characterized by the same homogeneous distribution of
spherical y' precipitates along with a few volume percent of 3-phase (orthorhombic) NisNb nucleated at
the unrecrystallized/recrystallized grain boundaries (interfaces). There was a small (~ 25 nm) wide
denuded zone separating these 6-phase precipitates from a high density of coherent y"-phase precipitates
composing the background of the recrystallized areas, in which the homogeneous, cuboidal/spherical y’
precipitates occurred. These fine y” precipitates averaged 35 nm along their major axis dimension and ~
7 nm along the minor (oblate) axis dimension: D/d = 5; in contrast to the larger precipitate sizes in the
as-fabricated and as-fabricated and HIPed components noted above. The corresponding
microindentation hardness (HV) was 4.6 GPa, about 24% lower than the HIPed samples but still 18%
higher in contrast to the as-fabricated samples. There was no apparent or consistent variance in
mechanical behavior for Inconel 718 alloy components fabricated in argon gas in contrast to nitrogen

gas.
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Table 3.1 Mechanical properties for Inconel 718 cylindrical components fabricated by selective laser melting (SLM) in argon or nitrogen.

'TeTSi!e i ARGON GAS NITROGEN GAS
orientation

& Hardness Tensile Properties Hardness Tensile Properties

processing” HV HV Elong.
condition (GPa)! (GPa)" (%)
Z-axis
As Fab.
X-axis
As Fab.
Z-axis
HIP/anneal
X-axis
HIP/anneal
X-axis
Anneal (4h)
Nominal®
Wrought (annealed)
Nominal®
wrought - 45 1.4 1.6 16 - - -- -- --
(aged)
% Tensile orientation refers to build convention shown in Fig. 3(b). Z-axis refers to cylinders built parallel to the build direction;
X-axis refers to cylinders built with axis perpendicular to the build (or beam) direction.
® Processing conditions: As-fabricated (As-Fab.); fabricated cylinders stress relief annealed at 982°C for 0.5h in vacuum and
HIPed at 1163°C for 4h in argon at 0.1 GPa pressure (HIP + anneal); fabricated cylinders annealed in argon at 1160°C for 4h.
(Anneal (4h)).
° Nominal wrought Inconel 718 data from Special Metals Corp. (www.specialmetals.com).
9 Vickers microindentation hardness (HV) and Rockwell C-scale hardness (HRC) are measured in the horizontal plane/vertical
plane normal to or parallel to the build direction (Fig. 3(b)).
®0.2% engineering offset yield strength in GPa. Data is average of 4 tests.
TUTS (ultimate tensile strength) in GPa. Data is average of 4 tests

HRC? | Y(0.2%)® | UTS' | Elong. (%) HRC® | Y(0.2%)° | UTS

3.8/3.9 30/33 -- -- -- -- -- 0.83 1.12 25

5.6/5.8 38/39 0.85 1.14 28 5.5/5.6 35/38 0.88 1.14 30

55/5.8 | 33/35 0.89 1.2 28 5.4/5.6 36/38 0.93 1.2 27

4.5/4.7 39/40 - - - - - - - -

- 24 0.83 1.1 31 - - - - -
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Chapter 4: Inconel 625 Fabricated by Selective Laser and Electron Beam Melting
This chapter’s content is available in the following journal article:

Amato, K.N., Murr, L.E., Hernandez, J., Martinez, E., Gaytan, S.M., Shindo, P.W., and Collins, S.
Journal of Materials Science Research 2012; 1(2).

In the present study we compared the precipitation and columnar grain development in alloy 625
fabricated by EBM and SLM, along with associated microstructures and corresponding mechanical
behavior: tensile and hardness properties. Microstructures, particularly precipitation features developed
during HIPing of the EBM and SLM-fabricated alloy 625 were also examined along with the resulting
mechanical properties. Light optical microscopy (LOM), scanning and transmission electron microscopy
(SEM and TEM) and X-ray diffraction (XRD) were used to characterize the associated and comparative

microstructures and microstructural architectures represented by columnar precipitate arrays.

4.1 Fabrication Process Comparison: EBM vs. SLM

A schematic view of the electron beam melting (EBM) system is shown in Figure 4.1(a).
Cylinders fabricated for the research presented herein were manufactured using an Arcam A2 EBM
system from Arcam AB (Sweden) and an EOS M270 SLM system described in Chapter 3. Since 2005,
these systems have been commercially available. Both systems feed powder onto a bed from cassettes in
a compacted layer via raking or rolling. These layers, several particles thick, are scanned and selectively
melted by an electron or laser beam (as shown in Figure 4.1(a) and 3.2, respectively). Figure 4.1(b)
shows the microdendritic structure and variance in particle size of the Inconel 625 powder that is rapidly
solidified in an inert environment such as argon or nitrogen. The distribution of particle sizes and near-
spherical shape increases the efficiency in flow and layer packing as well as a more uniform melt. Table

4.1 compares the elemental analyses for the EBM and SLM powders and representative fabricated
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Figure 4.1 (a) EBM system schematic: Electron gun (1), Beam focus lens (2), Beam
scan coils (3), Powder cassettes (4), Powder layer rake (5), Building component (6),
build platform (7). (b), SLM powder microstructure and low magnification insert. (a)
is adapted from Murr et al. (2012a)
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components. The average powder sizes were measured to be 22pum and 20um for the EBM and SLM
powder, respectively.

In the EBM system (Figure 4.1(a)), an electron beam is generated in an electron gun (1) where it
is focused through an electromagnetic lens system (2) after being accelerated by a 60 kV potential. The
beam, directed by an embedded CAD program (3), selectively melts the powder. Unlike in the SLM,
which maintains a constant low temperature, the powder bed is preheated to 0.8 T, (T, is the melting
temperature) with a high beam current (~30mA) and multiple passes of the beam at a scan rate of ~10*
mm/s. The scan rate is reduced to ~10° mm/s and the current is reduced to ~5 to 10 mA for the final melt
scan, which produces melt pools with a size determined by the beam diameter and scan spacing. After

the build table (7) has been preheated, powder is gravity fed onto it from cassettes (4) and raked (5) in

Table 4.1. Chemical Composition for Alloy 625 EBM and SLM Precursor Powders and Fabricated Components

Material Component Element (wt. pct.)
Ni Cr Fe Mo Nb C Mn Si Al Ti
Nominal Standard 61 22 3.2 9.0 35 0.02 0.1 0.1 0.2 0.3

EBM Precursor powder
mass analysis 65.7 21.3 0.4 9.3 3.7 0.004 - - - 0.002

EBM Precursor powder
EDS analysis 59.1 18.8 - 7.6 3.0 - - - - -

EBM as-fabricated Z-
cylinder EDS analysis 61.1 19.2 - 8.8 4.7 - - - - -

SLM Precursor powder
mass analysis 648 | 21.7 | <01 8.9 35 <0.01 0.47 0.39 0.05 0.08

SLM as-fabricated X, Y
cylinder EDS analysis 64.2 21.2 - 9.4 52 - - - - -

an even layer. The build table moves downward after each successive layer of the component (6) has

been melted. The build direction is indicated by the arrow B in Fig. 4.1(a), which is in the z-direction in
relation to the x-y scan direction of the powder layers. The EBM system operates in under a vacuum of
<10™ Torr. To enhance heat conduction and component cooling, the pressure is increased to ~102 Torr

by a helium gas bleed near the build area, where SLM which achieves this in an inert environment.
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4.2 Experimental Methods

4.2.1 Microstructural Characterization

Microstructures of Inconel 625 powders and cylinders fabricated by EBM and SLM were
examined using LOM and XRD before SEM and TEM analyses. The LOM, SEM, XRD, and TEM
analysis were as mentioned in Chapter 3. To bring out annealing twin structures in LOM, samples were

additionally electro-etched with 5% hydrochloric acid for 1-10 s.

4.2.2 Mechanical Testing

Microhardness and macrohardness measurements were made using the same process as
mentioned in Chapter 3.

Tensile specimens were machined from the as-fabricated and as-fabricated and HIPed EBM
cylinders as well as the SLM as-fabricated and HIPed cylinders. Tensile specimens were machined from
the as-fabricated cylinders HIPed at 0.1 GPa for 4 h at 1120°C (~0.84T,, where T, was 1335°C).
Tensile tests were conducted at a strain rate of ~10°s™ at room temperature (22°C). The fabricated and

HIPed specimens were also tested at 538°C (1000°F). Fracture surfaces were also examined in the SEM.
4.3 Results and Discussion
4.3.1 Microstructural Characterization

EBM As-Fabricated Components

Figure 4.2 shows a 3D LOM composition typical for columnar NizNb (bct: a =0.362 nm, ¢ =
0.741 nm; space group: 14/mmm) y"'-precipitate platelets oriented in the build direction (arrow in Figure
4.2), and corresponding to roughly 2 um melt pool dimensions characteristic of the EBM beam scan
geometry. Figure 4.3 shows a TEM magnified view of the NisNb (y"") precipitate platelets, which are
coincident with the NiCr y-matrix (fcc, a = 0.359 nm; space group: Fm3m) {111} planes as discussed in
detail by Murr et al. (2011). Note in Figure 4.3 that the y"’ platelets are associated with columnar, low-
angle boundaries, which help to define the columnar arrays. Dense dislocation substructures are also
observed to be associated with the precipitates. It might also be noted that the selected-area electron

diffraction (SAED) pattern for the TEM image area shown in Fig. 4.3 for y"" precipitate columns in an
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EBM fabricated component was indexed with a [220] (or [110]) zone axis, and the corresponding

crystallographic directions are noted in Fig. 4.3.
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Figure 4.2. 3D LOM image composition for EBM fabricated component section
showing columnar, precipitate platelets. Arrow at lower right shows the build direction.
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500 nm

Figure 4.3. TEM vertical plane section view (parallel to the build direction (B) showing "
precipitate platelets coincident with the NiCr fcc matrix {111} planes. The grain surface orientation
is (110). The build direction marked B is coincident with the arrow in Fig. 4.2.
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Figure 4.4. XRD spectra corresponding to the horizontal and
vertical reference planes in Figure 4.2 (EBM).

direction parallel to the build
direction. These columnar arrays are
also coincident with the as-fabricated
cylinder (Z) axis as evident from the
XRD spectrum shown for the
horizontal section perpendicular to
the build direction (B in Figures 4.2
and 4.3) in Figure 4.4. The vertical
section XRD spectra also show the
[220] texture in the plane parallel to
the build direction in Figure 4.2, and
is coincident with the [110] zone
corresponding to Figure 4.3. The
NisNb (bct) precipitate platelet
spectra coincide with fcc (y)-NiCr
peaks noted in Figure 4.4. Columnar
grains, primarily oriented in the
[200] direction shown in the XRD
spectra in Figure 4.4, are roughly 10
pm in diameter as shown lightly
etched in the 3D LOM composition

in Figure 4.2.

SLM As-Fabricated Components

Figure 4.5 shows a 3D LOM

image composition typical for the as-



fabricated, Z-axis oriented cylinders built in the direction parallel to the cylinder axis. In contrast to
Figure 4.2 at the same magnification, there are several very notable differences. First is the presence of
melt (layer) banding characteristic of laser melt scanning (Thijs et al., 2010). The dark contrast, which
distinguishes these bands, arises by enhanced precipitation of y"’ (bct-NisNb). Second, and in the
context of y' precipitation, it is readily apparent in Figure 4.5 that the columnar precipitate arrays are
roughly half or less the y"" precipitate column spacing for EBM components shown in Figure 4.2. The
actual y"" column array widths are also roughly 3 times those for SLM-fabricated (Z-axis) components as
shown in Figure 4.5.

The precipitates in the columnar arrays of Figure 4.5 are also not large platelets or discs
similar to those shown in Figures 4.2 and 4.3. Additionally, (as shown in Figure 4.6 in contrast to the
XRD spectra in Figure 4.4) the orientation in the horizontal reference plane normal to the build direction
is [200], while for the vertical reference plane parallel to the build direction, the orientation is also [200]
for SLM (Figure 4.6) and [220] for EBM fabrication (Figure 4.4). Note that, as in the XRD spectra for
EBM-fabricated (Z-axis) components in Figure 4.4, the v’ (bct-NizNb) precipitate phase spectra
coincide with select fcc-NiCr spectral peaks.

In contrast to Z-axis built components, cylindrical components were also built in the X-Y plane
perpendicular to the build direction. These X-Y (or XY)-axis components exhibited similar
macrostructure-microstructure features to those shown in Figure 4.5 for Z-axis built, SLM components.
Figure 4.7 shows a slightly more magnified 3D LOM image composition than Figure 4.5 showing
irregular, columnar precipitate arrays along with oriented, low-angle grain boundaries (6B) and
characteristic SLM melt-scan banding. Again, it is especially notable to recognize the difference
between the y"’ precipitate columns for EBM in Figure 4.2 and the y"' precipitate columns for SLM in
Figure 4.7. The XRD spectra for the horizontal and vertical reference planes in Figure 4.7 (indicated by
H and V, respectively) are also shown in Figure 4.8, which, as noted previously for Figure 4.6, shows
different, preferred orientations or textures than those exhibited for EBM-fabricated components shown
in Figure 4.4. The prominence of [111] and [200] are particularly notable for SLM component texture

(Fig. 4.8).
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Figure 4.5. 3D LOM composite section for an SLM (Z-axis) fabricated component.
Note build direction represented by the arrow is parallel to the Z-axis orientation.
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Figure 4.6. XRD spectrum corresponding to the vertical and horizontal reference planes
represented in Figure 4.5.
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Figure 4.7 3D LOM composite section for an SLM (X, Y-axis) fabricated component. Note build
direction represented by the arrow at lower right which is perpendicular to the X, Y-axis, of the
cylindrical component.
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Figure 4.8. XRD spectrum corresponding to the vertical and horizontal reference
planes represented in Figure 4.7.
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Figure 4.9(a) and (b) illustrate the significant difference in y'' precipitate morphology and size
for the SLM fabricated cylinders (XY -axis) in contrast to those shown in Figure 4.3 for EBM
fabrication. Comparison of Figures 4.3 and 4.9(b) also illustrate the smaller precipitate column spacing
for SLM versus EBM-fabricated components. Similar, dense dislocation arrays are also associated with
the very fine (nano-size) y'' precipitate columnar arrays as shown in Figure 4.9(b). Examination of
Figures 4.9(a) and (b) in contrast to Figure 4.7 suggests that the precipitate columns form as cylindrical
arrays at the edges or transition regions of the melt pools, rather than the center of the melt pools. The
(112) orientation for the horizontal reference plane view in Figure 4.9(a) SAED pattern insert also
demonstrates that the dislocation-precipitate arrays are dominated by the melt pool geometry rather than
texture, which is dominated by [200] as shown in Figure 4.8.

Figure 4.10 shows a magnified TEM image representing the precipitate reference at P in Figure
4.9(b). To the right in Figure 4.10 the fine y'' precipitates and heavy dislocation substructure composing
the columnar arrays prominently depicted in Figure 4.7. The precipitates at P in Figure 4.10 appear to
be a small cluster of three y'' precipitate particles with diameters ranging from 10 to 20 nm. Somewhat
larger precipitates are shown in the column to the right in Figure 4.10, and there is evidence for
precipitation on dislocations as well.

Figures 4.11 and 4.12 show a sequence of analytical components, which examine the
composition of the fine y"" precipitates. In Figure 4.11, a vertical reference section of a XY-oriented
cylinder is examined in the TEM. The small section of a precipitate column shown bounded by the
dashed-line box is magnified in Figure 4.12(a). Arrows delineate a short section of precipitates in
Figure 4.12(a) and (b), where Figure 4.12(b) represents a Nb-X-ray map using the Nb window for the
EDS (elemental) spectra shown in Figure 4.12(c). Because of the very small size of the globular, nano-
precipitates (y'"), there is no discernable Ni signal associated with the 100 nm long strip between the

arrows in Figures 4.12(a) and (b).
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Figure 4.9. TEM bright-field images in the (a) horizontal (H) and (b) vertical (V) reference planes
for Figure 4.7. P in (b) designates a precipitate (y'') cluster. The build direction is denoted by white
arrow (B) at right in (b) SAED pattern inserts show (112) orientation in the horizontal (H) plane (a),

and (110) orientation in the vertical (V) plane (b). Note arrows in (a) show precipitate clusters within
dislocation cell-like arrays.
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Figure 4.10. TEM magnified view in Figure 4.9, P designates precipitate cluster in Figure 4.9.
Column of precipitate clusters and dense dislocations is shown at right.
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Figure 4.11. TEM image showing "’ precipitation arrays. Reference section of array is enclosed in
the dotted box. The SAED pattern insert shows the (110) grain surface orientation. The operating

reflection for diffraction contrast is shown to be g = [00Z].
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Figure 4.12. Magnified TEM image for Fig. 4.11 showing precipitate clusters within the dotted reference
box. Arrows in (a) show precipitate clusters (aggregates) which exhibit Nb-rich features shown in the
corresponding Nb-X-ray map in (b). (c) shows the TEM-EDS spectrum for (a).
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The SAED pattern inserts in both Figures 4.9 and 4.11 for corresponding TEM images in an
SLM-fabricated component are, as in Figure 4.3, a [110] zone axis. Again, comparing these common
crystallographic features in Figures 4.3 and 4.9 point up the notable difference in y"" precipitate
morphology and size discussed above for EBM versus SLM fabrication. This is due in large part
because of the notable difference between the cooling or solidification phenomena, where SLM beam
scan produces considerably more rapid cooling (Murr et al., 2009; 2012a) which appears to restrict
precipitate nucleation and growth. This is also exaggerated by building X-Y-oriented cylinders, which
cool much differently from the Z-axis oriented cylinders. Beam scan and especially melt scan variances
are especially notable on comparing Figures 4.2 and 4.5. Figure 4.13 compares LOM and SEM images
showing the vertical reference plane melt-scan-related banding for SLM-fabricated components. The y"
precipitates, which delineate these bands, are illustrated more prominently in the SEM image of Figure

4.13(b).
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Figure 4.13. SLM-laser melt-scan banding. (a) LOM image in vertical reference plane for X,Y -axis
cylindrical component (b) SEM image showing Y’ precipitate/second-phase formation within the
melt bands. (c) Magnified SEM image showing melt-band precipitates.
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EBM Fabricated and HIPed Components

Figure 4.14 shows a 3D LOM image composition for the EBM-fabricated and HIP components
showing characteristic equiaxed grains and annealing twins representing the low-stacking-fault free
energy fcc NiCr matrix (Murr, 1975). The average grain size was observed to be ~50 um, including the
annealing twins. The matrix contains a dense distribution of precipitates along with continuous
precipitate arrays in many grain boundaries presumed to be high energy (Murr, 1975).
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ﬁgﬁfe 4.14. EBM fébricated and HIP (Z-axis) component 3D LOM composition showing
equiaxed, fcc (NiCr) grain structure and associated precipitation.
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Figure 4.15. XRD spectra corresponding to the horizontal and vertical reference planes in Fig. 4.14.
Prominent precipitation peaks are dark shaded.
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Figure 4.15 shows the corresponding XRD spectra for Fig. 4.14, where dark (shaded) peaks
represent the precipitation: NbCr, (laves: hexagonal; a = 0.49 nm, ¢ = 0.81 nm, space group: P63 mmc),
nickel-rich, NigNb (tetragonal; a = 0.76 nm, ¢ = 0.36 nm; space group: P(0)); and pure Cr precipitates.
These are represented typically in the TEM image in Fig. 4.16, which shows a low-energy annealing
twin with no precipitation in the boundaries (Murr et al., 2011). In contrast, Fig. 4.17 shows an

analytical sequence

showing a Cr inclusion 2 4 o

4 i
(precipitate) at the edge ’b‘
of an electropolished foil ’ i

- 3 -
oy w7y !

4.17(a)isina(110) grain F

section. The bright-field

:

TEM image in Fig.

.

o

A

SAED pattern in Fig. - f"{.}'

orientation shown by the
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P

4.17(b). Figure 4.17(c) _
shows the precipitate . \\\
EDS analysis in contrast "\
to the matrix EDS

analysis shown in Fig.

4.17 (f), in contrast to

Table 4.1. Figure 4.17(d) .

and (e) show

corresponding Cr and Ni 35 "

elemental maps utilizing 500 nm

the EDS analysis in Fig. Figure 4.16. TEM bright-field image showing typical intergranular

4.17(c). precipitates (NbCr;) corresponding to Fig. 4.15. Coherent annealing twin
is shown in the image center (upper left to lower right).
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Figure 4.17. Analytical sequence showing Cr precipitate in EBM fabricated and HIP
component. (a) TEM image of precipitate at foil edge. (b) SAED pattern showing
(110) orientation for supporting NiCr matrix. (c) EDS spectra for precipitate in (a).
(d) Cr map using (c). (e) Ni map for (a). (f) EDS spectrum for NiCr matrix.
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SLM Fabricated and HIPed Components

Figures 4.18 and 4.19 show 3D LOM image composites for SLM cylindrical components
fabricated in the Z-axis direction and XY -axis directions and HIPed, respectively. Although the HIP-
annealed microstructures shown in Figs. 4.18 and 4.19 emulate the equiaxed NiCr grain structure
containing coherent annealing twins or twin boundaries shown for EBM fabricated-HIP samples shown
represented typically in Fig. 4.14, there are notable differences. The most notable difference is the
apparently larger intergranular precipitates, with the largest precipitates shown in Fig. 4.18.
Precipitation in the grain boundaries occurs in a similar fashion with continuous precipitation or second-
phase appearance along some boundaries. There is no precipitation along the low-energy, coherent twin
boundaries in either Figs. 4.14, 4.18, or 4.19.

As shown in the XRD spectra for corresponding horizontal and vertical reference planes for
EBM-fabricated and HIP components in Fig. 4.15, and in supporting data contained in Figs. 4.16 and
4.17, precipitation involves NbCr, (hexagonal; space group: Pss/fmmc; a=4.98 A, ¢ = 8.06 A) laves
precipitates, pure (bcc) Cr precipitates, and NigNDb (tetragonal) precipitates (Murr et al., 2011). In
contrast, the XRD spectra corresponding to Figs. 4.18 and 4.19 shown in Fig. 4.20 and 4.21,
respectively, indicate smaller amounts of NbCr, (hexagonal) laves precipitates, MoNb (bcc) precipitates
and NiNb (rhombohedral) precipitates. These findings are consistent with the fundamental differences
in microstructures developed in EBM versus SLM-fabricated components. The large, intergranular

precipitates shown in Fig. 4.18 are MoNb polyhedra having sizes ranging from 0.2 um to ~1 pm.
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Figure 4.18. SLM fabricated and HIP (Z-axis) component 3D LOM composition showing equiaxed,
fce (NiCr) grain structure and associated precipitation.
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Figure 4.19. SLM fabricated and HIP (X, Y-axis) component 3D LOM composition showing equiaxed,
fcc (NiCr) grain structure and associated precipitation.
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Figure 4.20. XRD spectra corresponding to horizontal and vertical reference planes
in Fig. 4.18. Precipitation peaks are dark shaded.
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Figure 4.21. XRD spectra corresponding to horizontal and vertical reference planes in
Fig. 4.19. Precipitation peaks are dark shaded.
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Figure 4.22. SLM (Z-axis) fabricated and HIP component observed in
vertical reference plane (Fig. 4.18). (a) SEM image of precipitates. (b) to
(d) show corresponding EDS elemental X-ray maps. (c) Precipitate image.
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Figures 4.22 and 4.23
illustrate analysis
sequences using SEM
and EDS in the SEM for
SLM — Z-axis fabricated
and HIP components.
Figures 4.22(e) and
4.23(a) clearly show the
faceted, polyhedral
MoNb single-crystal
precipitates remaining
after LOM etch. The
elemental spectrum in
Fig. 4.23(c) shows, in
contrast to the
background spectrum
shown for comparison in
Fig. 4.17(f), for
example, the Nb and Mo
peak prominence, while
the corresponding
elemental X-ray maps in
Fig. 4.23(b) and (d)
confirm the precipitate
species shown in the
XRD spectra for Fig.
4.20.



D.OkV 15.7mm x9.00k SE(M)

Figure 4.23. SEM analysis sequence corresponding to Fig. 4.22(a). (a) Precipitates. (b) EDS spectra
for (a). (c¢) to (f) show corresponding EDS elemental X-ray maps.
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Figures 4.24 and 4.25 show a typical, similar analysis sequence for MoNb precipitates in the XY-
axis fabricated and HIP components corresponding to Figure 4.19. In contrast to Figure 4.23(c), Figure
4.25 compares the background NiCr matrix elemental (EDS) spectrum (Figure 4.25(a)) in contrast to the
corresponding spectrum at the precipitates in Figure 4.24(b), where the Mo, Nb peak prominence is
apparent.

Figure 4.26 shows smaller, intergranular precipitates viewed in the TEM in the horizontal
reference plane for an XY-oriented, fabricated and HIP component (corresponding to Figure 4.19).

Note the faceted, polyhedral which represent the nano regime for the MoNb precipitates shown in
Figures 4.19 and 4.24.

Figures 4.27 to 4.29 illustrate another analytical sequence involving three precipitates indicated
by P1, P, and P3, respectively in Figure 4.27. The inserts in Figure 4.27 show magnified views for
precipitates P, and Ps, respectively, while Figure 4.29 shows a more detailed analysis of precipitate P.
To some extent, all of these precipitates exhibit crystallographic faceting. All, like those precipitates in
Figure 4.26, are noncoherent dispersoids. These precipitates represent primarily NiNb (Figure 4.21):
rhombohedral (space group: R3m), a=4.90 A, ¢ = 26.64 A. Clusters of precipitates shown in Figure
4.27 range from particle sizes <10 nm to >400 nm. Those shown prominently as P1, P, and P3 in Figure
4.27 all exhibit crystallographic facets or polyhedral forms. The EDS analyses shown in Figure 4.28(a)
and (b) for P; and P, respectively exhibit variations in Ni and Nb in contrast to the background (NiCr
matrix) analysis shown typically in Figure 4.25(a), and suggesting variances in Ni-Nb stoichiometry
shown for the XRD data in Figure 4.21. This applies to Figure 4.29 as well where the precipitate shown
in Figures 4.27 and 4.28 as P; can be associated either with NbsNi (fcc; space group: Rd3m; a = 11.64
A), indexing the circled diffraction spot as [246], or [211] for NiNb in Figure 4.29(b). The
corresponding dark-field (DF) image in Figure 4.29(c) using the circled reflection in Figure 4.29(b)
corresponds to a cubic or hexahedral polyhedron viewed down a vertex. This is supported by comparing
the bright-field image views in Figure 4.29(a) and (d), where Figure 4.29(d) is a tilted view of Figure
4.29(a).
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Figure 4.24. SEM analysis sequence corresponding to the vertical reference plane in Figure 4.19 (X,
Y-axis) build. (a) Vertical surface view of precipitates. (b) Magnified view of precipitates. (c) to (e)
show corresponding EDS elemental X-ray maps.
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Figure 4.25. EDS spectra corresponding to Fig. 4.24. (a) matrix. (b) Precipitate
area as in Fig. 4.24(b).
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Figure 4.26. TEM image in horizontal reference plane corresponding to Fig. 4.19 (X, Y-axis
component). The grain surface orientation is (110) shown in SAED pattern insert. Operating

reflection, g = [111]. Note diffraction spots normal to inclined twin plane in SAED pattern insert.
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Fig;re 4.7277 . TEM imége features

for precipitates in a vertical
reference plane corresponding to
Fig. 4.19. The inserts (top right
and bottom left) show magnified
views for precipitates marked P,
P, P5. Precipitates are single
crystals dispersed nonchoherently
in the fcc NiCr matrix.
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Figure 4.28. TEM microanalysis sequence for precipitates in Fig. 4.27. (a) EDS analysis
for precipitate P;. Insert shows Nb characteristic X-ray map. (b) EDS analysis for
precipitate P,. (¢) Ni and Nb characteristic X-ray maps for precipitate P, in Fig. 4.27.
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33 nm

Figure 4.29. TEM microanalysis sequence for precipitate P, in Fig. 4.27. (a) Bright-

field image. (b) SAED pattern for (a). (c) Dark-field image of (a) using [26]
diffraction spot circled in (b). (d) Tilted bright-field image of (a).
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4.3.2 Mechanical Testing

EBM Fabricated and HIPed Components

Components built by EBM included only cylinders fabricated in the Z-axis direction (cylinder axis) and
parallel to the build direction. Tensile specimens for the as-fabricated (Z-axis) specimens as well as as-
fabricated and HIP specimens exhibited typical properties shown for comparison in Table 4.2. Table 4.2
also compares Vickers microindentation hardness (HV) measurements and Rockwell C-scale (HRC)
macroindentation measurements for these fabricated and processed specimens. There is a corresponding
hardness drop following HIP, along with a drop in yield stress (YS) but the ultimate tensile stress is not
significantly affected. The drop in hardness may be due to partial recrystallization during HIPing. There
is a significant increase in elongation after HIP: 69% versus 44% as-fabricated; an increase of ~57%.
This considerable elongation is characterized by classical ductile-dimple fracture as illustrated typically
in Fig. 4.30(b). Typical elongation of Z-axis oriented tensile specimens for as-fabricated and HIP
specimens is shown in Fig. 4.30(a). Examination of the deformation associated with, and as a precursor
to fracture, showed dense, generally linear dislocation arrays in {111} planes of the fcc-NiCr matrix as
illustrated in Fig. 4.31. The dislocation density in Fig. 4.31 can be compared with that typical for as-
fabricated EBM components shown in Fig. 4.3, where the dislocation density difference is more than an

order of magnitude.

Table 4.2. Mechanical Properties for EBM and SLM Processed Alloy 625

HV (GPa) HRC YS (GPa)* UTS Elongation
(GPa)t (%)
EBM-fabricated (2) 2.7 14 0.41 0.75 44
EBM-fabricated (Z) + HIP 2.2 8 0.33 0.77 69
SLM-fabricated (Z) 3.4 30 - - -
SLM-fabricated (Z) + HIP 2.9 27 0.36 0.88 58
SLM-fabricated (X,Y) 4.2 43 - - -
SLM-fabricated (X,Y) + HIP 3.4 21 0.38 0.90 58

*YS- 0.2% engineering offset yield stress.
T UTS- Ultimate tensile stress
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Figure 4.30. Failed tensile specimen for EBM fabricated and HIP component (a) and SEM
image of corresponding fracture surface (b).
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Figure 4.31. TEM image for failed tensile specimen in Fig. 4.30(a) in a section ~2 mm from
the fracture surface, perpendicular to the tensile axis. The two views show sections in a (123)
oriented matrix grain. NbCr, precipitates are observed.

SLM Fabricated and HIPed Components

Cylinders fabricated by SLM in the Z-axis direction as well as cylinders fabricated in the X, Y-
axis directions and following HIP were machined into comparative tensile specimens and tested as
described for the EBM specimens above. As-fabricated tensile tests exhibited poor tensile properties,
especially elongation as a consequence of porosity and the melt pool banding as shown in Figs. 4.5 and
4.7. HIP specimens exhibited tensile behavior more comparable to the EBM components, and these
measurements are shown in Table 4.2. Table 4.2 also shows the corresponding microhardness (HV) and
macrohardness (HRC) measurements. It can be observed that overall the SLM fabricated and HIP

components exhibited considerably higher hardness and UTS, while the elongation declined slightly.
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SEM fracture surface images showed similar ductile-dimple behavior as observed in Fig. 4.30 for EBM.
The elevated hardness for both the SLM-fabricated and fabricated plus HIP components (Table 4.2) are
a consequence of the different precipitation microstructures evident in Figs. 4.9, 4.22 and 4.24, among

others; in contrast to Figs. 4.3, 4.14, and 4.16, respectively.

4.3.2 Comparison of Precipitates in SLM and EBM Fabricated Components

A comparison of Figs. 4.2, 4.5 and 4.7 demonstrate that on a microscale, the development of
columnar precipitation microstructures is considerably different for EBM fabrication versus SLM
fabrication. At a smaller microstructural scale, this difference manifests in considerably different
precipitate morphologies and sizes even though the precipitate chemistry is the same y'’, bct-NigNDb.
Moreover, after HIP, these processed components demonstrate even more distinguishable precipitation
variances, and these are shown for comparison in Table 4.3. Table 4.2 also demonstrated that the
precipitation variations shown in Table 4.3 might account for variations in the residual mechanical

properties, particularly for HIP processed components, by precipitation hardening.

Table 4.3. Comparative Precipitation for EBM and SLM Processed Alloy 625

EBM Fabricated SLM Fabricated
v (bct-NizNb) v"" (bct-NizNb)
{111} coincident precipitate platelets | globular precipitates
(200 nm x 1000 nm) (10 to 20 nm diameter)
2-3 um spaced columns <1 pm spaced columns
(irregular) (irregular)
EBM Fabricated + HIP SLM Fabricated + HIP
NbCr, (laves) (most prominent) NbCr, (laves)
NigNDb (trace) MoNb (most prominent)
Cr NiNb

NDbsNi (trace)

The occurrence of melt-scan banding and associated y"’ precipitation within these bands
illustrated in Figs. 4.5, 4.7 and 4.13 suggest considerably different thermo-kinetic phenomena which will

influence precipitation, nucleation, growth, and stoichiometry as this relates to thermo-kinetic
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parameters, especially time—at-temperature as this relates to stable and metastable phases. In this
respect, the precipitate phases are all noncoherent, and apparently at equilibrium.

Although Thijs et al. (2010) and Bontha et al. (2009) have investigated the effect of process
variables and size-scale on solidification microstructure-grain size and morphology as well as columnar
grain orientations in Ti-6Al-4V processed by laser or electron beam fabrication, there are no comparable
studies in other systems. In addition, there have been no systematic or systematic studies of
precipitation phenomena in electron or laser-beam processed metal or alloy systems. Consequently,
Table 4.3 represents the first qualitative comparison of electron and laser beam processing and related

precipitation phenomena.

4.4 Summary

In both EBM and SLM processes, columnar architectures are formed parallel to the build
direction by y"" bct NizNb precipitates, yet the difference in cooling rates of the melt pools in each
process significantly alters the size and shape of the precipitates as well as the columnar spacing,
column width, and texture. The presence of melt banding does not exist in the EBM microstructure as it
does in the SLM microstructure (Figure 4.2 and Figure 4.7, respectively). The columnar architecture of
the EBM as-fabricated components is composed of large y"’ platelets aligned with a texture of [220]
parallel to the build direction, with columnar arrays spaced ~2 to 3 um apart. The precipitates of the
SLM as-fabricated cylinders irregular, fine NisNb precipitates with a [200] texture combined with dense
dislocation arrays. The columnar precipitates of SLM-fabricated component had a spacing of roughly
1um (half or less) and one third of the column width in contrast to the EBM component.

HIPing of the EBM and SLM as-fabricated cylinders at 1120°C for 4 h recrystallized the
columnar grains and formed an equiaxed fcc NiCr grain structure containing low-energy annealing
twins. The columnar y'" arrays were dissolved during the annealing process and the formation of an
NbCr; laves precipitates occurred in all fabricated and HIPed EBM cylinders. Precipitates were present
in high-energy grain boundaries but absent from low-energy, coherent twin boundaries. However,
intergranular MoNb precipitates (smaller in XY-oriented components) in SLM-fabricated and HIPed

components were notably larger than the EBM HIPed components. These precipitates are mostly MoNDb
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with some NbCr, and traces of NbsNi and NiNb, which are not present in EBM-fabricated and HIP
components. The NbCr; laves precipitates were the most prominent in the EBM- fabricated cylinder
with some pure Cu precipitates and traces of NigNb.

It should be noted on comparing the mechanical behavior for Z-axis and XY -axis fabricated
components by either EBM or SLM, that there is both a size factor difference for Z-axis versus XY -axis
fabrication, and a corresponding cooling-rate difference, which is more notable on comparing EBM and
SLM fabrication. Table 4.2 shows that both the Vickers microindentation hardness (HV) and Rockwell
C-scale hardness (HRC) increase significantly on comparing Z-axis component fabrication by EBM
versus SLM. Correspondingly, there is a significant increase on comparing SLM Z-axis fabrication with
XY -axis fabrication: HV 3.4 GPa versus 4.2 GPa, respectively, or an increase of 24%. In contrast to
EBM Z-axis fabrication, SLM Z-axis fabrication increases even more notably: HV 2.7 GPa to 4.2 GPa,
or a 56% increase; more than twice that for the SLM Z-axis versus XY-axis fabrication. There is a
corresponding increase in hardness (HV) for the HIPed components: SLM - Z-axis HIP versus EBM Z-
axis-HIP; and SLM Z-axis HIP versus SLM XY -axis-HIP, although the increase was not as great (Table
4.2). Nonetheless, the hardness differences shown in Table 4.2 are indicative of both the process
variances (EBM versus SLM) and the component size variances (Z-axis oriented components versus

XY-axis components).
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Chapter 5: Discussion

5.1 Fabrication parameters

The flexibility to change the parameters of the fabrication process allows us to manipulate the
microstructure, and, therefore, the mechanical properties of the material being manufactured. In this
study, multiple parameters were adjusted and compared including fabrication process, build
environment, and build orientation. The parameter differences in the two fabrication processes (EBM
and SLM) included scan speed and cooling rate.

It can be seen in Figures 3.5, 4.2, and 4.5 that the as-fabricated cylinders all have a directionally
solidified microstructure with a similarity between the grain texture and columnar architecture of the
precipitation. The difference between the microstructures in EBM and SLM is mainly the melt pool
formation in the SLM fabricated specimens, as shown in Figures 3.5 and 4.5, which is not present in the
EBM fabricated specimens. As previously mentioned in Chapter 4, this is due to the difference in the
cooling rate, which can be explained by the variance in scan speed by one order of magnitude (10
versus 10° mm/s for EBM and SLM, respectively). In the SLM process, each layer has ~1000 mm/s less
time than specimens fabricated by EBM to cool before another layer is added.

Another parameter that was manipulated was the build environment. Since EBM uses a vacuum
environment, that could not be altered. However, for the SLM process, argon and nitrogen environments
were compared, but there was no significant difference in the microstructures of the cylinders.

Inconel 718 and Inconel 625 cylinders were built in orientations parallel and perpendicular to the
build direction. The columnar architectures and grain texture are similar when comparing the Z-axis

oriented and X-Y axis oriented cylinders for both alloys, as can be seen in Figures 3.8, 3.9, 4.5 and 4.7.

5.2 X-Ray Diffraction

X-Ray diffraction was used to identify study the morphology of the precipitates formed during
fabrication as well as the texture of the grains before and after heat-treating the cylinders. As expected,
v"" NisNb precipitates and a y" NiCr matrix were present in all as-fabricated specimens for both alloys.

The orientation, environment, and cooling rate did not play a role in the presence of these phases.
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However, the texture of the grains for EBM specimens and SLM Z-axis and X-Y oriented specimens
differed for Inconel 625, as seen in Figures 4.3, 4.6, and 4.8.

Although the mixed texture of alloy 718 specimens varied, the phases stayed the same after
HIPing the cylinders. The only change in precipitation occurred after annealing the specimens, which
was the presence of 6 phase in addition to y"'. For alloy 625 specimens, however, there was a significant
difference in the XRD spectra for EBM and SLM components and parallel and perpendicular build
directions. Table 4.3 summarizes the different precipitates that formed before and after HIPing for both

fabrication processes.

5.3 Scanning and Transmission Electron Microscopy

Electron microscopy and EDS analysis confirmed the findings of the XRD analysis. In Figures
3.14 and 4.3, lenticular-shaped y" precipitates are stacked in columns, as seen in LOM images. The
change in precipitation from the annealing process can be seen in Figure 3.20, where the shape, phase,
and location of precipitation is different from the as-fabricated specimens.

There was a significant difference in the size and morphology of precipitation after specimens
were HIPed for alloy 625. EBM-fabricated components begin with fine, dense dislocation arrays of y"’
clusters (Figure 4.9). After being HIPed, larger, globular, intergranular precipitates nucleated (Figures
4.16 and 4.17). The SLM components also grew in size while crystallographic faceting occurred in most
precipitates. In the SEM and TEM images, it is evident that the fabrication processes play a big role in

the type of precipitation that forms after heat treating.

5.4 Mechanical Behavior

When comparing the mechanical properties of Inconel 718 fabricated by SLM to cast and
wrought 718, it is evident in Table 3.1 that the Rockwell hardness is substantially higher for the
annealed specimen fabricated by SLM compared the wrought alloy. Also, the hardness is higher for the
Z-axis than the X-Y oriented cylinder. However, in Table 4.2, the hardness is higher for the X-Y
cylinder than the Z-axis cylinder as well as the EBM-fabricated specimen. The SLM specimens have a

higher hardness due to the faster cooling rate, which affects precipitation nucleation and growth. The
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SLM components have fine intergranular precipitates and less spacing between columns than EBM
components.

Although the elongation does not vary in the cylinders with different orientations, the yield
strength and ultimate tensile strength is slightly higher for X-Y specimens. This is due to the orientation
of columnar grains and precipitate columns and the direction that the stress is being applied on these

grains.
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Chapter 6: Conclusion

With innovations of new technologies such as additive manufacturing, we are able to manipulate
the properties of a particular superalloy by controlling the parameters of the fabrication process as well
as choosing a specific fabrication process. The Inconel alloy system is used in many applications due to
its ability to withstand a wide range of temperatures and detrimental conditions. Inconel 718 and 625 are
particularly strong alloys at high temperatures due to their ability to form precipitates as they are
exposed to elevated temperatures. For this reason, they are heat treated before being put into the market
to increase their value. One advantage to manufacturing parts using EBM and SLM is that the
fabrication processes involve melting, which allows these precipitates and other desirable features, such
as directional solidification, to be achieved during fabrication rather than after. This eliminates many
steps in the entire fabrication process, which normal involves casting, heat treating, and machining. With
additive manufacturing, we are able to produce parts that are closer to the finished product while
eliminating production time and costs.

This study has demonstrated only a few ways that objects produced can be customized to fit a
particular application. In previous studies, various shapes, densities, and constructions have been
produced and analyzed to show that metal meshes and foams can be manufactured with lower densities
than solid parts with equally, if not better, mechanical properties (Gaytan, et al. 2010). While EBM and
SLM have been used to fabricate complex superalloy components (Thijs, et al. 2010, Gaytan, et al.
2010), the mechanical properties of this alloy system have not been previously compared to its cast and
wrought counterparts.

Now that there is a better understanding of this alloy system using EBM and SLM, it is possible
to extend this study by fabricating complex shapes and varying densities of this alloys system. One
example of the benefits of this study includes the ability to build aircraft components with a hollow or
less dense center, making the parts lighter while increasing the lifetime of these components due to their
increased performance. There is a myriad of possibilities with the amount of ways that these new
methods allow components to be customized, whether it be mechanical properties, shape, finish, or
material.
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